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Preface 
The major components of this thesis have been presented as a compilation of 
studies arranged into chapters (Chapters Four to Nine). A number of the 
methods used across these studies are similar. Detailed descriptions of the 
methods used can be found in the Methodology Overview chapter (Chapter 
Three). To improve the overall readability and avoid repeating redundant 
information, the individual study chapters only include a brief description of 
the experimental procedures, and data collection and analysis methods used. 
Where these brief descriptions are given, readers will be referred back to the 
relevant section of the Methodology Overview chapter where the detailed 
description can be found. 
Readers viewing the electronic version of this thesis may take advantage of the 
hyperlinks provided throughout. Where a section, page, table or figure is 
referred to, this reference will contain a link to the relevant page. 
Across the study chapters, limitations that apply specifically to the present 
study will be discussed at the end of the respective chapter. Conversely, 
limitations that are relevant across the majority of studies will be discussed 
within the General Discussion chapter (Chapter Ten).  
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Abstract 
Injuries to the anterior cruciate ligament (ACL) occur most frequently during 
sports which require the performance of high-risk tasks, such as landing and 
side-step cutting. These injuries occur at a disproportionate rate in females 
compared to males. ACL injuries are associated with a number of adverse 
short- and long-term consequences. Understanding the underlying 
mechanisms and modifiable risk factors surrounding ACL injury, with the 
ultimate objective to promote prevention, is imperative. The overall purpose 
of this thesis was to explore three inter-related areas relating to ACL injury 
prevention in a cohort of sub-elite female netball players. Neuromuscular 
contributions to ACL injury risk during the performance of a high-risk landing 
task, the effect of an ACL injury prevention program on individual 
neuromuscular and biomechanical adaptations, and the efficacy of field-based 
ACL injury risk screening methods were explored. 
Poor or inadequate neuromuscular control (i.e. the interaction between the 
neural and muscle systems which coordinate and control movement) is often 
considered a primary risk factor for ACL injury. Neuromuscular control can 
be modified via training, hence an improved understanding of neuromuscular 
contributions to ACL injury risk can assist in the design of targeted injury 
prevention programs. The first two studies of this thesis focused on this area. 
Electromyography and biomechanical data from the lower limb were collected 
during repeat performances of a high-risk landing task. The findings from 
these studies further the notion that neuromuscular control can vary from one 
performance to the next. Anomalies in neuromuscular control (i.e. deviations 
from an individual’s typical or usual muscle activation profile) were found 
across repeat trials of the high-risk landing task, while the use of different 
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muscle activation profiles across trials was also identified. In general, the 
presence of neuromuscular anomalies did not influence lower limb 
biomechanics during landing. Specific activation characteristics within each of 
the profiles identified were linked to biomechanical deficits associated with 
ACL loading and injury risk. Tailored injury prevention programs targeting 
these deficits in muscle activation may induce more beneficial neuromuscular 
adaptations for reducing ACL injury risk. 
Variable neuromuscular and biomechanical adaptations have been shown to 
occur across individuals subsequent to neuromuscular training. Despite this, 
individual responses to ACL injury prevention programs have received little 
attention. The third study of this thesis focused on the individual 
neuromuscular and biomechanical responses to an ACL injury prevention 
program. Electromyography and biomechanical data from the lower limb 
were collected during repeat performances of a high-risk landing task at two 
testing sessions, separated by a six-week period. During the six-week period, 
a control group continued their regular training practices while a training 
group undertook a six-week injury prevention program. The training program 
induced a number of neuromuscular and biomechanical adaptations during 
the high-risk landing task. However, examination of individual data revealed 
dissimilar and inconsistent responses to the training. Despite the inconsistent 
responses, individuals demonstrating a pre-existing high-risk movement 
strategy (large peak knee abduction moments) demonstrated the largest 
changes in frontal plane knee moments during landing. This likely stemmed 
from the injury prevention program specifically targeting movement 
strategies associated with frontal plane knee moments. These findings 
provided further evidence that tailored injury prevention programs targeting 
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high-risk neuromuscular or biomechanical strategies may be the most effective 
in reducing ACL injury risk. 
The ability to identify athletes at-risk of ACL injury appears to be an important 
step in maximising the effectiveness of targeted ACL injury prevention 
programs. Screening methods that can be completed in field or clinical settings 
offer the most viable option for ACL injury risk screening in the wider 
community. The final three studies of this thesis focused on identifying the 
optimal method(s) for field-based evaluation of ACL injury risk. A systematic 
review conducted as part of this thesis found minimal evidence supporting 
the use of field-based ACL injury risk screening methods for predicting future 
ACL injuries. In addition, it was noted that the ability of field-based screening 
methods to detect high-risk lower limb biomechanics during sport-specific 
tasks known to cause ACL injuries was yet to be explored. The following study 
subsequently explored the efficacy of two field-based ACL injury risk 
screening methods (the Landing Error Scoring System and Tuck Jump 
Assessment) in identifying lower limb biomechanics consistent with increased 
ACL loading or injury risk during a high-risk sport-specific landing task. 
Athletes were screened using the two aforementioned methods, while lower 
limb biomechanical data were collected during the high-risk sport-specific 
landing task. Minimal relationships were evident between scores obtained 
from the screening methods and lower limb biomechanics from the sport-
specific landing task. These findings suggested that the screening methods 
examined may not be effective in identifying ACL injury risk in the sport-
specific context (i.e. netball) examined. It was proposed that the bilateral 
nature of the athletic tasks used within the screening methods contributed to 
these findings. Therefore, the final study of this thesis explored the 
relationship between performance of a unilateral movement and a high-risk 
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netball-specific landing task. For this study, a single-leg squat was used as the 
unilateral screening movement in order to examine its utility within netball-
specific ACL injury risk screening protocols. Lower limb biomechanical data 
were collected during performance of a single-leg squat and netball-specific 
landing task (leap landing). Performance during the single-leg squat was 
linked to a number of biomechanical factors proposed to increase ACL loads 
or injury risk during the netball-specific landing task. These findings 
highlighted the potential of a single-leg squat to be incorporated within field-
based netball-specific ACL injury risk screening protocols. Identifying 
movements that have better associations to sport-specific tasks associated with 
ACL injuries may further aid in the development of appropriate ACL injury 
risk screening methods across different sports and sporting populations. 
The experimental and review studies undertaken as part of this thesis have 
produced novel findings that can contribute to ACL injury prevention 
practices.  A number of findings across this thesis highlight the need for 
tailored ACL injury prevention programs targeting neuromuscular and 
biomechanical deficits that are relevant to the individual. Identifying 
screening methods that are capable of detecting these deficits during sporting 
tasks known to cause ACL injuries is a vital step in improving the design of 
targeted ACL injury prevention programs. The single-leg squat was identified 
as a potentially useful movement to be incorporated within netball-specific 
ACL injury risk screening protocols. Further examination of simplistic 
unilateral movements against other sport-specific tasks associated with ACL 
injury may aid in ascertaining the optimal method(s) for ACL injury risk 
screening across different sports or sporting populations. 
  
1 
Chapter One: Introduction 
 
Anterior cruciate ligament (ACL) injury is a traumatic sports-related injury 
that often occurs in the absence of contact with another player (i.e. noncontact). 
Injuries to the ACL occur more frequently in sports which require frequent 
high-risk sporting tasks, such as landing and cutting movements.[1] Further, 
adolescent (e.g. high school) and adult females are frequently shown to incur 
a higher rate of ACL injury than male counterparts.[2-7] A number of short- and 
long-term consequences are associated with ACL injuries, including surgical 
intervention, lengthy absence from competitive sport, and reduced 
participation in or premature retirement from high-risk sports.[8-11] Even more 
concerning are the risks of re-injury[12-14] and osteoarthritis (OA) 
development[15-17] subsequent to sustaining an ACL injury. Previous injury 
dramatically increases the risk of future ACL injury in both the previously 
injured and uninjured limb.[12-14] Early onset OA (athletes aged 30-50 years) 
often presents in athletes who have sustained an injury to the ACL, with 
associated pain, functional limitations and decreased quality of life.[16-19] 
Understanding the underlying mechanisms and risk factors surrounding ACL 
injury, with the ultimate objective to promote prevention, is imperative. 
Extensive studies[20-29] have elucidated biomechanical mechanisms that load 
the ACL and subsequently increase the potential for ACL injury during high-
risk sporting tasks.[30] Collectively, these works demonstrate that increases in 
ACL loads can occur from biomechanical deficits in the sagittal, frontal and 
transverse planes. However, multi-planar loading of the knee results in the 
largest increases in ACL loads.[20-22, 31, 32] ACL injuries are therefore considered 
to occur from altered biomechanics across multiple planes rather than 
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biomechanical deficiencies in a singular plane alone.[33] In contrast, less is 
known regarding the underlying neuromuscular contributions to ACL injury 
risk or injury occurrences. The extensive knowledge of lower limb 
biomechanics that contribute to increased ACL loading and injury provides a 
useful framework to investigate neuromuscular control and ACL injury. 
Neuromuscular control refers to the interaction between the neural and 
muscle systems which coordinate and control movement. Detecting muscle 
activation characteristics that result in high-risk lower limb biomechanics 
during sporting movements can aid in identifying potential neuromuscular 
risk factors for ACL injury. Given muscle activation characteristics can be 
altered via neuromuscular training,[34-45] the identification of neuromuscular 
risk factors provides a basis for targeted ACL injury prevention strategies.[15] 
A perplexing factor associated with noncontact ACL injuries is the ‘one-off’ 
nature in which they occur, where injuries are often sustained during sporting 
tasks athletes have replicated safely countless times.[46] Given the 
neuromuscular system’s role in controlling lower limb motion,[15, 47] it is 
conceivable that a random intrinsic dysfunction within the neuromuscular 
system contributes to the phenomenon of ‘one-off’ ACL injuries. The inherent 
variability of the neuromuscular system[48-53] suggests that anomalies in 
neuromuscular control may occur. The presence of these neuromuscular 
anomalies during a high-risk task could render an athlete at-risk of ACL 
injury. The concept of neuromuscular anomalies and their relation to lower 
limb biomechanics and ACL injury risk is yet to be explored. Further, little is 
known about the combined muscle activation characteristics (i.e. the overall 
muscle activation profile) that contribute to the presence of lower limb 
biomechanics linked to increased ACL loading and injury risk. Previous 
studies attempting to link neuromuscular factors to lower limb biomechanics 
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associated with ACL loading have tended to focus on discrete muscle 
activation characteristics of specific muscles.[54-64] Further understanding of the 
link between neuromuscular control and movement strategies consistent with 
increase ACL loads or injury risk may aid in identifying neuromuscular 
targets for ACL injury prevention programs. 
Current injury prevention practice has proven successful in reducing ACL 
injury rates[65-67] and altering biomechanical and neuromuscular factors 
associated with ACL injury.[36, 39, 40, 43, 68-80] Despite the repeated success of injury 
prevention programs, overall ACL injury rates have remained relatively 
unchanged over time.[1, 2] ACL injury prevention programs appear effective in 
reducing injury risk in the short-term, but seem to lack effectiveness in the 
long-term.[81] Current consensus is that further research is required to enhance 
our understanding and maximise the effectiveness of ACL injury prevention 
practices.[30] While a plethora of studies have examined neuromuscular and 
biomechanical responses to ACL injury prevention programs, the effect of 
these programs on individual adaptations is often overlooked. The success of 
ACL injury prevention programs is generally defined by an overall change in 
the training group, in isolation or relative to a control group, with little 
attention paid to individual responses. Non-uniform neuromuscular and 
biomechanical adaptations have been found across individuals in response to 
the same training stimulus.[71, 82, 83] Failure to examine responses at the 
individual level may mask beneficial or detrimental adaptations obtained by 
certain individuals,[82] impacting our knowledge of effective injury prevention 
practice. Understanding how different individuals respond to ACL injury 
prevention programs will maximise our ability to implement interventions 
that provide a benefit to all involved. 
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Identifying athletes’ at-risk of ACL injury appears to be an important step in 
maximising the effectiveness of ACL injury prevention programs. Female 
athletes deemed as ‘high-risk’ have been found to receive a greater 
prophylactic effect from neuromuscular training compared to ‘low-risk’ 
athletes.[84] Laboratory-based measures provide an accurate method to explore 
biomechanical and neuromuscular deficiencies that may predispose an athlete 
to ACL injury. This approach, however, requires extensive laboratory-based 
equipment and training to complete, and is likely prohibitive to the majority 
of the wider community. Field-based screening methods provide a more 
accessible option for identifying dysfunctions that may lead to ACL injury. 
Various field-based screening methods have been proposed for identifying 
those at-risk of future ACL injury.[85-92] These methods vary in complexity from 
the visual assessment of athletic tasks,[85, 86, 91, 92] to the use of a combination of 
measures and algorithms[87, 88, 90] to predict ACL injury risk. While these 
methods are designed for use by clinicians or the wider community, their 
applicability for use in these settings is yet to be examined. The majority of 
field-based screening methods show good agreement with laboratory-based 
measures in identifying movement strategies that may contribute to increased 
ACL injury risk.[87-91, 93, 94] However, generic bilateral athletic tasks (e.g. drop 
vertical jump landings) have been used to validate these methods.[88, 90, 91, 93, 94] 
The specificity of these movements to ACL injury risk could be considered 
questionable. Previous work has shown generic athletic tasks do not 
adequately represent those seen in a competitive sporting environment,[95, 96] 
and nearly all noncontact ACL injuries occur during unilateral landing or 
plant-and-cut manoeuvres.[97-100] In addition, ACL injuries appear to occur 
during varying game situations and tasks across different sports.[5, 101-103] 
Considering these factors, it is important that screening methods can identify 
athletes’ who utilise high-risk movement strategies during unilateral sport-
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specific manoeuvres associated with ACL injuries. Examination of current 
field-based screening methods against sport-specific movements known to 
cause ACL injuries is therefore required. Further, there is evidence to suggest 
that the predictive validity of screening methods varies across different 
sporting populations.[104, 105] The development of sport-specific screening 
methods may be an important consideration in improving ACL injury risk 
screening protocols. Investigation of these areas will improve our 
understanding of the optimal field-based methods for identifying athletes’ at-
risk of ACL injury in wider community settings. 
1.1 Purpose 
The overall purpose of this thesis was to explore three inter-related areas 
relating to ACL injury prevention. First, the concepts of neuromuscular 
anomalies and muscle activation profiles during the performance of a high-
risk sporting task were investigated. Second, the effect of an ACL injury 
prevention program on individual neuromuscular and biomechanical 
responses was explored. Finally, examination of existing field-based ACL 
injury risk screening methods and a proposed sport-specific screening 
movement was undertaken to determine their applicability for use in wider 
community and sport-specific settings. 
1.2 Specific Aims and Hypotheses 
Specifically, the aims of each study included: 
i. Determining whether intra-individual anomalies in muscle 
activation profiles occurred during repeat performance of a high-risk 
landing task, and if so, whether these neuromuscular anomalies 
influenced lower limb biomechanics (Chapter Four). 
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ii. Identifying the muscle activation profiles employed during a high-
risk landing task and their subsequent impact on lower limb 
biomechanics linked to ACL loading or injury risk (Chapter Five). 
iii. a. Investigating the effects of an ACL injury prevention program on 
neuromuscular control and lower limb biomechanics during a 
high-risk landing task at the group and individual level (Chapter 
Six); and 
 b. Determining whether individuals’ deemed as ‘high-risk’ prior to 
commencing training received a greater prophylactic benefit 
from the ACL injury prevention program (Chapter Six). 
iv. Systematically evaluating and comparing current field-based 
screening methods for ACL injury risk to determine their efficacy of 
use in wider community settings (Chapter Seven). 
v. Examining the efficacy of two field-based screening methods for 
ACL injury risk in identifying lower limb biomechanics consistent 
with increased ACL loading or injury risk during a high-risk sport-
specific landing task (Chapter Eight). 
vi. Determining the relationship between performance of a unilateral 
task and a netball-specific landing task that has been associated with 
ACL injuries, in order to examine the utility of including a single-leg 
squat movement within netball-specific ACL injury risk screening 
protocols (Chapter Nine). 
It was hypothesised that: 
i. Intra-individual anomalies in muscle activation profiles would 
occur, and that anomalous activation profiles would result in lower 
limb biomechanics consistent with increased ACL loads or injury 
risk when compared to the remaining typical (i.e. ‘normal’) trials. 
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ii. A number of different muscle activation profiles would be identified, 
and that certain profiles would result in lower limb biomechanics 
consistent with increased ACL loading and injury risk. 
iii. a. The training group overall would benefit from the injury 
prevention program as indicated by improvements in 
neuromuscular and biomechanical risk factors associated with 
ACL injury. However, variable responses to the program would 
be observed across individuals within the training group; and 
 b. Individuals deemed as ‘high-risk’ for ACL injury would receive 
a greater prophylactic benefit from the training. 
iv. Current screening methods would include criteria appropriate for 
identifying movement strategies associated with ACL injury risk, 
however, would have a limited ability to predict future ACL injuries. 
Some of the screening methods would be more applicable for use in 
wider community settings than others due to having minimal 
equipment and time requirements to complete. 
v. Due to the generic bilateral nature of the screening movements, 
scores obtained from the screening methods examined would have 
no relationship to the lower limb biomechanics from the sport-
specific high-risk landing task. 
vi. Lower limb biomechanical patterns from the unilateral task would 
be associated with hip and knee biomechanical patterns from the 
netball-specific landing task. 
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1.3 Significance of Research 
This research will further knowledge surrounding the neuromuscular 
contributions to ACL injury risk by identifying the muscle activation 
characteristics that contribute to the presence of lower limb biomechanics 
known to increase ACL loads and injury risk. Identification of these 
neuromuscular factors will aid in the design of ACL injury prevention 
programs that target deficits in neuromuscular control. Currently, the effect of 
ACL injury prevention programs at the individual level is not well 
understood, particularly with regard to adaptations in muscle activation 
characteristics. It is possible that athletes do not respond similarly to injury 
prevention programs and analysis of group data may mask this. 
Understanding how different individuals respond to an identical ACL injury 
prevention program will enhance our ability to design programs that provide 
a benefit for all involved. While laboratory-based measures provide the ability 
to identify biomechanical and neuromuscular risk factors for ACL injury, these 
are not as applicable or accessible to the wider community. It is important that 
screening methods applicable for wider community use can identify athletes 
who employ movement strategies that increase ACL loads or injury risk 
during high-risk sporting tasks. Identifying optimal field-based methods for 
detecting high-risk movement strategies during sporting tasks associated with 
ACL injury will provide evidence for the use of screening methods in wider 
community settings. 
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Chapter Two: Review of Literature 
 
2.1 Anterior Cruciate Ligament (ACL) Injuries 
2.1.1 Consequences of ACL Injury 
Injury to the ACL results in adverse short- and long-term consequences. 
Surgical repair, comprehensive rehabilitation, and a lengthy absence from 
sport are common short-term consequences experienced by athletes.[16, 106, 107] 
Proposed long-term consequences of an ACL injury include reduced 
participation rates in high-risk sports and a high rate of early athletic 
retirement.[11] More concerning, however, is the elevated risk of developing 
early onset osteoarthritis (OA) following an ACL injury.[16, 17, 108, 109] While sports 
participation in itself increases the risk of developing OA later in life, previous 
joint injury further enhances this risk.[110] Injury to the ACL increases joint 
instability and alters movement at the knee, placing the individual at risk for 
development of OA.[111]  
A 12-year follow-up of 67 ACL-injured female soccer players found that 82% 
of players had developed osteoarthritic changes.[17] Similarly, Maletius and 
Mesner[112] reported that 84% of patients presented with radiographic changes 
equivalent to OA 20-years post ACL rupture. Recent reviews by Oiestad et 
al.[113] and Claes et al.[19] suggest these percentages may overestimate the 
prevalence of knee OA following ACL injury or reconstruction. Oiestad et 
al.[113] reported a prevalence of 26% for patellofemoral osteoarthritis 12-years 
after ACL injury. This value, however, may underestimate the prevalence of 
OA as only patellofemoral OA was reported. The inclusion of tibiofemoral OA, 
which has also been shown to present in ACL-injured individuals,[17, 114] may 
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increase this prevalence. A meta-analysis including a total of 1554 subjects 
found knee OA in 16.4% of subjects who underwent ACL reconstruction, and 
increased to 50.4% in subjects who underwent combined ACL reconstruction 
and meniscectomy.[19] These values, again, may underestimate the overall 
prevalence of OA as only individuals treated surgically were included. 
Conservative, non-surgical treatment is also an option following ACL 
injury,[115] and those who opt for this treatment may also experience OA later 
in life.[114] Whether or not past reported values have overestimated the 
prevalence of OA following ACL injury, the development of knee OA has been 
identified in athletes as young as 30 years of age, and by the age of 50 many 
athletes require knee osteotomy or arthroplasty to repair the damage.[17] These 
long-term consequences can lead to pain and functional limitations, resulting 
in a decreased quality of life.[16-18, 116, 117]  
An additional consequence surrounding ACL injuries is the associated risk of 
re-injury.[14, 118] Paterno et al.[12-14] examined the incidence of ACL re-injury and 
found the risk was 15 times greater in those with a history of ACL 
reconstruction compared to matched controls. This effect appeared to be 
magnified in females, with the risk of a second ACL injury approximately four 
times greater for females compared to males.[14] The increased risk of re-injury 
is not only limited to the initially affected limb. After an initial injury, the 
contralateral limb appears to be at an even greater risk than the previously 
injured limb.[13, 14] The risk of suffering a contralateral ACL injury has been 
reported as being greater than that of sustaining a first time ACL injury.[12]  
Primary prevention of injury is the most effective means for avoiding the 
future disabilities associated with ACL injuries.[15] Given the adverse 
consequences and high-risk of re-injury associated with injuries to the ACL, 
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there is a need to understand and develop effective injury prevention 
strategies. 
2.1.2 Sex Bias in ACL Injury Rates 
A sex bias exists in the rate of noncontact ACL injuries, with adolescent (e.g. 
high school) and adult females consistently experiencing this type of injury at 
a higher rate than male counterparts.[1, 2, 4-7, 119] Despite the vast amount of 
targeted research and injury prevention initiatives, ACL injury rates and the 
associated sex disparity have not changed in recent times.[1, 2] Agel et al.[2] 
found the rate of noncontact ACL injuries experienced by female collegiate 
basketball and soccer athletes remained consistent over a 13-year period. 
Similarly, Hootman et al.[1] found the yearly rate of ACL injuries to be 
consistent across 16-years of collegiate injury data from 15 sports. 
A number of studies have compared sexes during high-risk sporting tasks in 
an attempt to understand why females are at greater risk of ACL injury.[59, 120-
135] Compared to males, females often exhibit different neuromuscular and 
biomechanical strategies during cutting and landing tasks, including; greater 
activation of the quadriceps relative to the hamstrings,[129, 130] greater lateral to 
medial quadriceps activation,[131] reduced preparatory activation of the 
hamstrings,[120] reduced muscle activity durations,[132] reduced hip and knee 
flexion,[121, 133, 134, 136-138] greater knee abduction angles[122, 135, 137-148] and moments,[59, 
122, 149] greater energy absorption in the frontal plane,[150] and greater peak tibial 
rotations.[129, 151] While it is tempting to hypothesise that the sex-bias in ACL 
injury risk could be diminished by shifting females towards male 
neuromuscular and biomechanical strategies, the underlying assumption that 
the male strategy is ‘ideal’ for protection against injury may be erroneous.[152] 
Various structural differences exist between males and females, particularly 
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through the lower limb, and females may need to employ adapted 
neuromuscular or biomechanical strategies to accommodate these structural 
differences.[152] While altered neuromuscular control and movement strategies 
in females may contribute to their increased risk of injury, it is plausible that 
they represent a compensatory mechanism to accommodate for joint 
mechanical variations.[152] Rather than drawing conclusions from sex 
comparisons, future research should have an isolated focus on sex to identify 
the sex-specific factors underpinning ACL injury risk. While both sexes 
experience ACL injuries, an emphasis on females may be more imperative due 
to their higher rate of ACL injury.[1, 2, 4-7, 119] Increasing our understanding of 
sex-specific factors relating to ACL injury risk and prevention may aid in 
bridging the gap in ACL injury rates between sexes.  
2.1.3 Sporting Movements Associated with ACL Injury 
Landing and/or performing a directional change have been identified as the 
primary sporting movements associated with noncontact ACL injury.[5, 97-100, 102, 
103] Visual observation of ACL injuries have identified side-step cutting or 
landing following a jump as the predominant tasks being performed when 
injuries occur.[5, 98-100, 102, 103] The rapid deceleration associated with these high-
risk tasks is thought to be a contributing factor to the injury.[55, 153] Taking this 
into consideration, it is not surprising that the highest incidence of ACL 
injuries are seen in sports that incorporate these movements, such as American 
football, Australian Rules football, basketball, handball, and netball.  
While the mechanism for noncontact ACL injuries appear similar across 
sports,[98, 99] the tasks being performed in the lead up or at the injury event may 
differ. Myklebust et al.[5] reported 19 of 23 noncontact ACL injuries observed 
over three consecutive handball seasons occurred during faking or cutting 
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movements while in possession of the ball. In contrast, ACL injuries in netball 
and basketball have been more frequently observed during landing rather 
than cutting manoeuvres.[98, 103] Within Australian Rules football, a 
combination of landing and cutting movements contribute to the majority of 
noncontact ACL injuries.[102] The different tasks that result in ACL injuries 
across sports likely share similar characteristics regarding the position and 
joint loading of the lower limb, however, the goals of the athlete and lead up 
to the task being performed are inherently different. Sport-specific variations 
in athletic manoeuvres can have a modulating effect on lower limb 
biomechanics.[154, 155] In addition, simplistic athletic tasks (such as bilateral drop 
landings and drop vertical jumps) do not reflect the lower limb biomechanical 
demands of sport-specific tasks.[95, 96] Considering these factors, examining 
sport-specific tasks that contribute to ACL injuries appears pertinent to 
increasing our understanding of ACL injury mechanisms and risk factors 
across a range of sports. 
2.1.4 The ‘One-Off’ Phenomenon 
A perplexing factor associated with noncontact ACL injuries is the ‘one-off’ 
nature in which they occur, where injuries are sustained during sporting tasks 
athletes have replicated safely countless times.[46] High-risk sporting tasks 
associated with ACL injury are frequently performed during sports in which 
ACL injuries are known to occur,[156, 157] yet ACL injuries occur at a much lower 
rate. It is conceivable that a random intrinsic dysfunction is the inciting event 
for these ‘one-off’ ACL injury occurrences. Considering the neuromuscular 
system’s role in controlling the lower limb,[15, 47] anomalies in neuromuscular 
control may be a contributing factor to these ‘one-off’ injury occurrences. 
Understanding whether anomalies in neuromuscular control occur, and if so, 
whether they influence lower limb biomechanics during high-risk sporting 
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tasks may yield valuable information regarding neuromuscular contributions 
to ACL injury risk. 
2.2 ACL Injury Risk Factors 
There is consensus that ACL injuries are multifactorial in nature,[30, 153] with risk 
factors generally categorised as non-modifiable (e.g. anatomical/structural, 
hormonal, and genetic risk factors) or modifiable (skill-level, shoe-surface 
interaction, biomechanical, and neuromuscular risk factors). Although ACL 
injuries likely result from an interaction between multiple factors, research 
should be directed towards those that have the potential to be modified.[15] The 
following section will focus on the biomechanical and neuromuscular factors 
associated with ACL injury risk, as these offer the most modifiable means for 
injury prevention strategies.[15, 158] 
2.2.1 Biomechanical Risk Factors 
Injuries to the ACL occur when forces applied to the ligament are greater than 
the loads it can withstand.[158] A number of biomechanical factors related to 
lower limb motions and loads have been linked to increases in ACL loading 
or noncontact ACL injury risk.[20-29]. ACL injuries have been observed to occur 
with a forceful valgus collapse and tibial rotation with the knee in a relatively 
extended position.[98, 99, 159] Experimental studies support these observations, 
where knee valgus and internal rotation moments,[20-23] reduced knee flexion,[20, 
24, 25] and large anterior tibial shear forces[26] have all been shown to increase 
ACL loads.  
‘Dynamic valgus’ and peak knee abduction moments during landing have 
been identified as predictors of ACL injury in adolescent female athletes.[160] In 
a prospective study of 205 athletes, those who went on to suffer an ACL injury 
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exhibited greater knee valgus angles and peak knee abduction moments 
during a bilateral drop vertical jump.[160] Positions of ‘dynamic valgus’ stem 
from knee abduction (i.e. abduction of the tibia relative to the femur) combined 
with hip adduction and internal rotation,[160-162] all of which have been 
associated with peak knee moments during athletic tasks.[149, 163, 164] The 
contribution of the hip to dynamic valgus positions suggests proximal joint 
biomechanics also play an important role in the ACL injury mechanism. A 
more erect lower limb posture (i.e. reduced hip and knee flexion) reduces the 
capacity to attenuate or absorb forces at the knee.[165-167] Where insufficient 
flexion is present, the passive joint restraints (e.g. the ACL) are required to take 
up a greater portion of counteracting and stabilising joint loads.[20] During 
jump landings, peak ACL strain occurs when knee flexion angles are lowest,[25] 
and cadaveric data and simulations show greater increases in ACL loads in 
response to external moments when knee flexion angles are reduced.[20, 24] 
Large increases in ACL strain have also been reported with internal tibial 
rotation.[20, 21] Although external tibial rotation results in minimal increases in 
ACL strain,[20, 21] rotation in this direction has also been observed during ACL 
injury occurrences.[99] Although distal mechanics may also have the potential 
to influence motion at the knee, there is minimal evidence[168, 169] linking specific 
ankle motions to increased ACL loading or injury risk. 
While isolated sagittal, frontal and transverse plane factors are suggested to 
increase ACL injury risk, combined knee loading across multiple planes 
results in the largest ACL loads.[20-22, 31, 32] Due to this, ACL injuries are thought 
to occur via a multi-planar mechanism.[33] A focus on this multi-planar 
mechanism is required for the development of optimal injury prevention 
strategies.[32] It is also important to acknowledge that while certain 
biomechanical risk factors have been implicated in ACL injury, they are not 
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the underlying causative factor. The neuromuscular system is fundamental in 
controlling lower limb biomechanics,[15, 47] whereby the muscles provide 
support against external loads[170-172] and contribute to joint stability during 
dynamic tasks.[47, 173] Therefore, adequate muscle activation is essential in 
counteracting potentially injurious loads being applied to the lower limb. The 
presence of altered or poor neuromuscular control is likely to contribute to 
lower limb biomechanics that increase ACL loads or injury risk during high-
risk sporting tasks. These resultant lower limb biomechanics should not be 
considered as the underlying cause of ACL injury, but as a consequence of 
neuromuscular dysfunction. Considering lower limb biomechanics are the 
outcome of a given movement, they provide a means for which to link 
neuromuscular dysfunction with potential increased ACL injury risk. Linking 
neuromuscular dysfunctions to lower limb biomechanics known to increase 
ACL loads or injury can aid in identifying neuromuscular contributions to 
ACL injury and provide a practical target for injury prevention strategies. 
2.2.2 Neuromuscular Risk Factors 
As highlighted in the previous section, there is extensive knowledge 
surrounding the movement strategies that contribute to ACL injury risk. 
Considerable effort has also been applied to identifying the underlying 
neuromuscular factors that contribute to the presence of potentially injurious 
biomechanics during athletic tasks.[44, 56, 131, 134, 171, 174-181] Neuromuscular control 
refers to the interaction between the neural and muscle systems which 
coordinate and control movement. Altered or poor neuromuscular control of 
the lower limb is recognised as a primary risk factor for ACL injury, 
particularly in females.[15, 30, 47] The musculature surrounding the hip and knee 
act to stabilise the lower extremity joints and provide support against external 
loads.[171, 172] Based on their orientation and attachment sites, muscles in the 
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lower limb are capable of producing moments in certain directions as a means 
to counteract external loads (see Table 2.1).[171] When external loads are applied 
to the lower limb during high-risk sporting tasks, the central nervous system 
must adjust muscle activation to oppose these forces.[171] Therefore, the 
selective activation strategies of these muscles play an important role in 
influencing ACL injury risk.  
Table 2.1 Internal knee moments produced by the major muscles 
surrounding the knee joint at flexion angles between 20 and 50 
degrees. Adapted and reproduced with permission from Besier 
et al.[171]  
 Adduction Abduction Int. Rotation Ext. Rotation 
Flexion 
Semimembranosus 
Semitendinosus 
M. Gastrocnemius 
Gracilis 
Sartorius 
Biceps Femoris 
L. Gastrocnemius 
Semimembranosus 
Semitendinosus 
Gracilis 
Sartorius 
Lateral 
Gastrocnemius 
Biceps Femoris 
M. Gastrocnemius 
Extension Vastus Medialis* Rectus Femoris* 
Vastus Lateralis* 
Rectus Femoris* Vastus Medialis Vastus Lateralis 
Int. – internal; Ext. – external; M. – medial; L. - lateral 
*  - The quadriceps muscles are capable of producing both adduction and abduction moments due to 
their common insertion into the patella tendon 
Muscle activation strategies that counteract external knee loads and reduce 
ligament loading have been identified.[170] Lloyd and Buchanan[170] found that 
co-contraction of the quadriceps and hamstrings provided the majority of 
support against varus/valgus isometric loads. Co-contraction of the 
quadriceps and hamstring muscle groups can also reduce ACL strain during 
knee flexion by resisting the anterior displacement of the tibia relative to the 
femur.[182, 183] Due to their respective moment arms, medial and lateral knee 
muscles are capable of counteracting knee abduction and internal rotation 
moments.[171] Increases in activation of medial thigh muscles and the lateral 
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hamstrings have been observed during pre-planned side-step cutting to 
counteract the large abduction and internal rotation moments, respectively, 
experienced at the knee.[171] As the gastrocnemii are biarticular and span the 
knee joint, selective activation of these muscles may also play a role in 
protecting the knee and ACL.[184, 185] During unilateral landing simulations, 
Morgan et al.[185] found elevated gastrocnemius forces were associated with 
increased joint compression and reduced ACL forces. While a primary 
function of the gastrocnemii is to produce plantarflexion, these findings 
suggest its secondary function may be to co-contract with the quadriceps to 
elevate joint compression and protect the ACL from external joint loading.[185] 
The presence of selective activation strategies suggests the central nervous 
system can alter muscle activation patterns as a means to protect the knee joint 
from high external loads.[171]  
Various elements of neuromuscular control have also been implicated in 
increased ACL injury risk or linked to biomechanical factors associated with 
ACL loading.[131, 174, 177, 178, 186-191] The preparatory activation strategies of lower 
limb muscles appear important in modulating ACL injury risk, as dysfunction 
in this area has been linked to ACL injuries[177, 186] and lower limb postures 
associated with increased ACL loads.[174, 178] Individuals’ who demonstrate an 
activation pattern of elevated preparatory activation of the vastus lateralis in 
conjunction with reduced preparatory activation of the semitendinosus during 
a side-step cutting manoeuvre are at increased risk of sustaining an ACL 
injury.[177] Elevated preparatory activation of the lateral quadriceps and 
hamstrings has also been linked to greater knee abduction angles during 
landing.[187] Brown et al.[174] found during single-leg landings, greater 
preparatory activation of the rectus femoris resulted in increased peak anterior 
tibial shear force, while greater preparatory activation of the lateral hamstrings 
Review of Literature 
 
19 
was associated with a reduction in knee flexion angle. A muscle activation 
strategy of greater vastus medialis and gluteus maximus preparatory 
activation, in conjunction with reduced biceps femoris and gastrocnemius 
preparatory activation has also been linked to smaller knee flexion angles 
during landing.[178] Greater preparatory and peak activations of the quadriceps 
have been associated with increases in anterior tibial translation and shear 
forces.[26, 174, 188] However, increased quadriceps forces in the preparatory phase 
of landing may increase joint stability and limit ACL strains during the impact 
phase.[192] Quadriceps preparatory activation could therefore be vital in 
enhancing knee joint stability during dynamic single-leg tasks, and reducing 
quadriceps activation may be an erroneous training goal within injury 
prevention programs.[174] Targeting the degree and timing of hamstring muscle 
activation may be a more appropriate method for reducing anterior tibial shear 
forces and ACL strain during landing. Co-contraction of the hamstrings with 
the quadriceps can reduce the forces experienced in the ACL by limiting 
anterior tibial translations relative to the femur across a range of knee flexion 
angles commonly experience during cutting and landing tasks.[182, 183] Reduced 
preparatory activation of the hamstrings may result in lower hamstrings 
contraction forces during the initial portion of ground contact, reducing knee 
stability.[120] Hamstring muscle recruitment closer to initial landing contact 
may also allow peak muscle activity to better coincide with peak tibial shear 
forces, thereby protecting the ACL.[55]  
In addition to preparatory activation strategies, muscle activation during the 
landing or cutting phases of athletic tasks have also been linked to high-risk 
lower limb biomechanics.[131, 189-191] A lateral or medial imbalance of the vastii 
can generate frontal plane knee moments, owing to their respective frontal 
plane moment arms.[170, 171] Compared to males, females have been shown to 
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activate their vastus lateralis to a greater extent than their vastus medialis 
during unanticipated cutting manoeuvres.[131] This activation strategy may be 
a factor in the greater knee abduction angles and moments experienced by 
females during cutting manoeuvres.[59, 131, 193] In addition; female athletes who 
exhibit greater peak activity of the vastus lateralis, combined with a lower 
medial to lateral quadriceps activity ratio during the landing phase of a drop 
vertical jump have been found to exhibit reduced hip and knee flexion, and 
higher peak knee abduction moments.[189] The proximal muscles of the lower 
limb also play an important role in protecting the ACL during athletic tasks. 
Hip muscle strength and neuromuscular control are cited as important factors 
in limiting knee abduction angles and moments during cutting and landing 
tasks.[57, 194-198] Lower hip abduction and external rotation isometric strength 
have also been prospectively linked to an increased risk of ACL injury.[198] 
These findings have relevant links to biomechanical factors associated with 
ACL loading and injury risk. An inability to limit hip adduction and internal 
rotation can result in a position of ‘dynamic valgus’ during landing.[162] The 
gluteus maximus and medius play a role in controlling hip adduction and 
internal rotation, therefore inadequate activation of these muscles may 
contribute to a lower limb posture consistent with increased ACL injury 
risk.[199] This is supported by experimental observations, where reduced levels 
of gluteus maximus activation have been associated with greater knee 
abduction during athletic tasks.[190, 191] 
The combined activation strategies of lower limb muscles appears critical in 
protecting the ACL from external loading during high-risk sporting tasks. The 
muscles of the lower limb must therefore function in an appropriate manner 
each time these tasks are performed to prevent ACL injuries from occurring. 
High-risk tasks, such as landing and side-step cutting, are regularly performed 
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during sports in which ACL injuries are known to occur.[156, 157] Muscle 
activation may not be consistent across all of these performances, as a number 
of activation patterns can be used when performing the same task.[200] 
Considering the role of the neuromuscular system in protecting the ACL, 
variations in an individual’s muscle activation profile may leave them 
susceptible to injury. It is possible that unexpected alterations or ‘anomalies’ 
in muscle activation may be a contributing factor to the ‘one-off’ nature in 
which noncontact ACL injuries occur. The presence of anomalies in muscle 
activation profiles and their subsequent impact on lower limb biomechanics 
during high-risk sporting tasks is yet to be investigated. Detecting whether 
these neuromuscular anomalies present within repeat trials of a high-risk 
sporting task and their influence on lower limb biomechanics could reveal 
important information surrounding neuromuscular contributions to ACL 
injury risk. Should these anomalies in muscle activation occur and contribute 
to the presence of lower limb biomechanics linked to increased ACL loads, this 
would provide a target for neuromuscular training protocols within ACL 
injury prevention programs. 
Furthermore, the link between the overall muscle activation profiles employed 
during high-risk sporting tasks and their relation to lower limb biomechanics 
is not well understood. Previous studies that have linked neuromuscular 
factors to lower limb biomechanics associated with ACL loading have tended 
to focus on discrete muscle activation characteristics. These studies examine 
selective temporal and/or amplitude features of muscle activation data; such 
as muscle onset timing,[54-56, 58] the timing and/or amplitude of peak muscle 
activity,[55, 59, 63, 64] and muscle burst duration;[54, 55] with these data points often 
isolated to individual muscles or muscle groups. An isolated approach on 
specific activation characteristics of individual muscles or muscle groups fails 
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to acknowledge the relationship between multiple muscles and their 
combined activation characteristics. As there is no single muscle crossing the 
knee capable of supporting the joint against injurious loads, activation 
strategies comprising multiple muscles are required to reduce ACL injury risk 
during athletic tasks.[161] Understanding the activation characteristics of 
multiple muscles is therefore a key factor in preventing ACL injuries during 
high-risk sporting tasks.[161] A comprehensive analysis of multiple lower limb 
muscles will aid in identifying the specific muscle activation profiles 
employed by athletes’ during high-risk sporting tasks. Concurrent 
examination of how different activation profiles impact on lower limb 
biomechanics known to increase ACL loads may provide valuable knowledge 
regarding neuromuscular contributions to ACL injury risk. Multiple studies 
have demonstrated the capacity of neuromuscular control to be modified via 
neuromuscular training.[34-45] Therefore, an improved understanding of 
neuromuscular contributions to ACL injury risk can assist in the design of 
targeted and effective injury prevention programs. 
2.3 ACL Injury Prevention Programs 
Injury prevention programs aimed at reducing the incidence of ACL injuries 
or modifying neuromuscular and biomechanical risk factors are prominent 
throughout the literature.[5, 34-45, 65-69, 71-75, 79, 83, 166, 201-217] There is some evidence to 
suggest that injury prevention programs can reduce ACL injury rates[5, 65-67] and 
substantial support for the use of these programs in inducing neuromuscular 
and biomechanical adaptations proposed to reduce ACL injury  
risk.[34-45, 68, 69, 71-75, 79, 166, 201, 213-217] A recent meta-analysis[218] incorporating 14 
studies[5, 65-67, 202-211] supported the use of neuromuscular training and 
educational interventions, suggesting these programs have the capacity to 
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reduce ACL injuries in female athletes by 51%. However, the estimated effect 
of programs largely varied across studies, with the authors unable to explain 
the variability observed.[218] Less conclusive results were reported in a review 
by Stevenson et al.[219], where only two[65, 206] of ten studies reviewed 
demonstrated a statistically significant reduction in ACL injuries following a 
neuromuscular training program. While certain studies showed a significant 
decrease in injuries within certain subgroups[5, 204] or a trend towards reduced 
ACL injuries following training,[67, 205, 207, 212] two studies[208, 209] found an increase 
in ACL injuries within the groups receiving the prevention program.[219] While 
injury prevention programs can have a beneficial effect on reducing ACL 
injury rates, this effect appears to be inconsistent across the literature.  
Athlete compliance,[209, 212, 220, 221] intervention exposure,[209, 210] and the specificity 
of the training program[212, 222] are cited as factors that may impact on the 
effectiveness of injury prevention programs in reducing ACL injury rates. 
Compliance with training protocols appears to be a key factor in determining 
the success of an ACL injury prevention program.[205-207, 221] Sugimoto et al.[223] 
found a potential inverse dose-response relationship between athlete 
compliance and program success, where attending and completing prescribed 
training sessions was directly related to the reduction of ACL injuries in young 
female athletes. Supervision of training sessions may also be a key factor in 
determining a program’s success.[223, 224] Fortington et al.[225] found many 
players participating in a coach-led injury prevention program did not 
perform exercises as prescribed, and this may have an impact on the benefits 
received from the training. Without supervision and an emphasis on proper 
technique, limited or poor adaptations to training exercises becomes a 
possibility and may result in no decrease or an increased rate of injury in 
program participants.[223] 
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The inconsistent results surrounding injury prevention programs and ACL 
injury rates highlights the need to examine changes in lower limb 
biomechanics and neuromuscular control following training.[161] This 
approach may allow us to ascertain the biomechanical or neuromuscular 
mechanisms by which training influences ACL injury risk.[161] A number of 
injury prevention programs incorporating plyometric, balance, resistance 
and/or technique focused training have proven effective in increasing 
hip[39, 213, 214] and knee flexion[39, 41, 68-70, 72, 74, 75, 79, 83, 213-215]; reducing hip 
adduction,[71, 74, 80] hip internal rotation,[71] and knee abduction angles;[70, 72, 80, 214] 
decreasing anterior tibial shear forces;[213] decreasing knee 
abduction[37, 68, 69, 166, 216] and internal rotation[216, 217] moments; increasing 
hamstrings strength;[72] increasing preparatory activation of the hip[36, 39] and 
hamstrings[40, 41] muscles; increasing overall activation of the hip[39] and 
hamstrings[40] muscles; and increasing hamstrings-to-quadriceps co-
contraction[69] during cutting and landing tasks. These results demonstrate 
injury prevention programs can be effective in altering an individuals’ 
movement or neuromuscular strategies during high-risk landing or cutting 
tasks.  
Despite the apparent success of injury prevention programs in recent times, 
ACL injury rates have remained relatively unchanged[1, 2] with the associated 
sex bias remaining a concern in high-risk sports.[2-7] In addition, the effect of 
injury prevention programs on ACL injury rates is inconsistent, with certain 
studies finding no effect on injury rates with training.[208, 209] A limited 
understanding of how different individuals respond to ACL injury prevention 
programs may be a factor that is restricting our understanding of the 
mechanisms underpinning success or failure. Success of ACL injury 
prevention programs are often dictated by an overall improvement in the 
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training group, in isolation or relative to a control group, with little attention 
paid to individual responses. However, it may be erroneous to expect that 
everyone will respond in the same manner when given the same training 
stimulus. There has been limited examination of individual responses to ACL 
injury prevention programs. Of those studies that have considered the 
individual, variations have been observed in the responses to training.[71, 82, 83] 
Cowling et al.[82] found individuals displayed non-uniform adaptations in 
quadriceps and hamstrings muscle activation characteristics during a sport-
specific landing task, despite completing identical training programs. No 
differences were found from pre- to post-training when examining group data, 
highlighting the potential of individual responses to be masked when 
examining data in this manner. Similarly, Dempsey et al.[83] found no 
differences in torso postures during a side-step cutting manoeuvre following 
training, however examination of individual changes found certain 
individuals had large favourable responses with regard to torso rotation. The 
authors hypothesised that these individuals may have displayed a more at-
risk technique at baseline, and hence obtained a greater benefit from the 
training.[83] In contrast to these two studies, Pollard et al.[71] found a beneficial 
effect of training on frontal and transverse plane hip motion when performing 
a jump-landing task. When examining individual data, however, certain 
individuals showed greater improvements in one plane versus the other.[71] It 
was suggested that individuals may have exhibited greater changes in the 
plane in which they demonstrated a pre-existing at-risk pattern.[71] 
Interestingly, detrimental adaptations following training were observed in 
certain individuals suggesting that not all responded favourably to the 
training program.[71] These studies highlight how examining group data in 
isolation can vary our interpretation as to how individuals gain a benefit, or 
lack thereof, from ACL injury prevention programs. Failure to consider 
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individual responses may therefore be impacting our current understanding 
of what constitutes effective ACL injury prevention practice. 
2.4 ACL Injury Risk Screening 
Laboratory-based measures (e.g. motion analysis, force plates, 
electromyography) provide an accurate method to explore segment motions, 
joint kinetics and muscle activation patterns during sporting movements. 
These tools provide an option to evaluate neuromuscular or biomechanical 
strategies that may predispose an athlete to ACL injury. However, the use of 
laboratory-based equipment for ACL injury risk screening comes with high 
financial and time costs. Extensive training is required to operate this 
equipment, and the cost of three-dimensional motion analysis has been 
reported in the range of $1000 per athlete per test.[87] A recent simulation study 
found incorporating current injury risk screening practices within ACL injury 
prevention efforts is a less cost-effective strategy than universal 
neuromuscular training.[226] However, potential barriers to implementing 
universal neuromuscular training exist. Although ACL injury prevention 
programs are often associated with successful outcomes, the level of adoption 
and compliance is low,[227, 228] and their deployment may not be effective in 
“real-world” situations.[229-231] Current injury prevention programs often 
involve the whole team, require considerable time investment and may detract 
from sport-specific skill training.[84] These factors may deter coaches from 
implementing such programs within their pre-season or in-season training.[84, 
229] Screening methods that identify high-risk athletes may improve coach 
intent to implement prevention programs for these athletes.[84] In addition, the 
ability to identify individuals ‘at-risk’ of ACL injury appears to be an 
important step in maximising the effectiveness of injury prevention programs. 
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Myer et al.[84] found female athletes deemed as ‘high-risk’ (knee abduction 
moment > 25.25 Nm during a drop vertical jump) received a greater 
prophylactic effect from neuromuscular training compared to ‘low-risk’ 
athletes. Considering these factors, there is an important place for accessible, 
cost-effective ACL injury risk screening protocols in ACL injury prevention 
efforts. 
Similar to injury prevention programs, injury risk screening also requires time 
investment from coaches and athletes. However, there may be a role for 
coupling screening with more targeted and intensive injury prevention 
programs if the screening methods used have high accuracy with minimal 
cost.[226] Screening methods that can be completed in a field or clinical setting 
may meet these demands, and also be more applicable for wider community 
use. Identification of screening methods that are predictive of injury, valid in 
identifying high-risk movement strategies, while remaining cost-effective 
with regard to equipment and time may provide further support for the 
integration of screening within ACL injury prevention efforts. Field-based 
screening methods for identifying ACL injury risk are emerging,[85-88, 90-92] 
however assessment of their applicability for use in wider community and 
sport-specific settings is yet to be undertaken. Evaluating the capacity of 
current field-based ACL injury risk screening methods to be used within wider 
community and sport-specific contexts will assist in identifying the most 
appropriate method(s) to be used in these settings.  
2.5 Netball 
Netball is a sport played among Commonwealth countries, and has one of the 
highest participation rates for team sports in Australia.[232] It is a sport that 
covers all ages and skill levels, but is predominantly played by females.[232, 233] 
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Netball requires sudden changes of direction and rapid decelerations, in 
combination with leaps to perform attacking or defensive manoeuvres.[234] 
These manoeuvres place considerable loads on the lower limb, particularly at 
the knee joint, with netball readily acknowledged as a high-risk sport for lower 
limb and ACL injuries.[234-236] Netball provides a convenient cohort, particularly 
in Australia, for research examining ACL injury risk and prevention strategies. 
2.5.1 Injury and Netball 
Injury surveillance data reveals lower limb injuries, particularly to the knee 
and ankle, are the most commonly injured areas in netball.[237-243] Hopper et 
al.[238] found a total of 608 injuries occurred during competitive netball 
tournaments over a five-year period, with 92.6% of these injuries involving the 
lower limb. Similarly, Otago and Peake[244] found that 85.3% of netball related 
injuries from 12-months of insurance claims data were to the lower limb. 
Netball has also gained a reputation for the occurrence of ACL injuries.[245] 
While acknowledged as a problem injury within the sport, the rate of ACL 
injury in netball is quite low. Only 1.8% (n = 11) of all injuries across the five-
year period examined by Hopper et al.[238] involved the ACL. A low-rate of 
ACL injuries relative to the total number of injuries is not uncommon across 
high-risk sports. In other female high-risk sports (such as basketball, lacrosse, 
soccer and volleyball), Hootman et al.[1] found that the contribution of ACL 
injuries to total injuries ranged from 2.0 – 5.0%. Despite the low relative rate 
of ACL injuries in netball, these injuries tend to be the most severe experienced 
by players and often require a lengthy rehabilitation process.[238] There is 
currently no data available examining the long-term consequences specifically 
for netball-related ACL injuries. However, it is likely that players suffer the 
same debilitating conditions later in life as athletes’ from other sports. 
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2.5.2 High-Risk Sporting Tasks in Netball 
Side-step cutting and landing are the primary sporting tasks observed during 
noncontact ACL injuries.[5, 98, 99, 102, 103, 159] Due to the specific demands of netball, 
players perform a high frequency of cutting and landing manoeuvres 
throughout a match.[156, 157, 246] While both tasks are frequently performed, 
landings are often implicated as the high-risk task for lower limb injuries 
within the sport.[103, 245] Landing is commonly cited as the inciting event when 
lower limb and ACL injuries occur in netball.[103, 238-240, 243] In a video analysis of 
ACL injuries from elite female netball competition; 13 of the 16 ACL injuries 
observed occurred during landing manoeuvres, while only one was observed 
during a side-step cutting movement.[103] In particular, the ‘leap’ landing 
technique employed by netball players is a known mechanism of ACL injuries 
within the sport.[245] Although unplanned sporting tasks have been found to 
incur lower limb biomechanics linked to greater ACL loading,[247] these do not 
play a major role for ACL injuries within netball. Even within competitive 
environments leap landings appear highly planned, often used as part of 
attacking manoeuvres in order to receive passes after breaking free from 
defenders.[157] During unplanned tasks, unexpected movements or 
perturbations are proposed to contribute to the higher risk of ACL injury.[247] 
In contrast, it is likely that the specific motions and lower limb postures 
associated with leap landings contribute to a higher risk of ACL injuries 
during this manoeuvre. A leap landing involves a run-up, followed by a single 
limb take-off and land on the contralateral limb.[157, 245] In netball, players are 
often required to decelerate abruptly upon landing. Deceleration with one step 
and the leg near full extension are characteristic of leap landing performances, 
and places a high load on the knee and ACL.[245] The leap landing technique 
also results in distinct peak knee abduction moments early after initial landing 
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contact.[248] Laboratory analysis examining the risk of ACL injury in netball 
should focus on this landing technique due to its relationship with movement 
strategies known to increase ACL loads and capacity to cause injury within 
the sport. 
2.6 Summary 
Noncontact ACL injuries are a traumatic sports related injury that occur most 
frequently during landing and cutting tasks.[5, 98, 99, 102, 103, 159]  A perplexing factor 
associated with noncontact ACL injuries is the ‘one-off’ nature in which they 
occur, where injuries are sustained during sporting tasks athletes have 
replicated safely countless times.[46] A number of debilitating short- and long-
term consequences are associated with ACL injuries, including an increased 
risk of early onset osteoarthritis and re-injury.[9, 12, 14, 16, 17, 109, 112] Primary 
prevention of injury is the most effective means for avoiding these future 
disabilities.[15] Therefore, there is a need to understand and develop effective 
injury prevention strategies.  
The biomechanical factors that contribute to increases in ACL load and injury 
risk are well understood. It is accepted that ACL injuries occur through a 
multi-planar mechanism[33] and a focus on this is required for the development 
of optimal injury prevention strategies.[32] Altered or poor neuromuscular 
control of the lower limb is recognised as a primary risk factor for ACL injury, 
particularly in females.[15, 47] The selective activation strategies of lower limb 
muscles play an important role in influencing ACL injury risk. It is possible 
that ‘anomalies’ in muscle activation may be a contributing factor to the ‘one-
off’ nature in which noncontact ACL injuries occur. The overall muscle 
activation profile employed during high-risk sporting tasks may also influence 
lower limb biomechanics, and subsequently, ACL injury risk. Examining 
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whether neuromuscular anomalies and different muscle activation profiles 
present during high-risk sporting tasks and their subsequent impact on lower 
limb biomechanics could reveal important information surrounding 
neuromuscular contributions to ACL injury risk. 
There is some evidence to suggest that injury prevention programs can reduce 
ACL injury rates[5, 65-67] and substantial support for the use of these programs 
in inducing neuromuscular and biomechanical adaptations proposed to 
reduce ACL injury risk.[34-45, 68, 69, 71-75, 79, 166, 201, 213-217] Despite this, ACL injury rates 
have remained relatively unchanged in recent years.[1, 2] Few studies[71, 82, 83] 
have explored the individual neuromuscular and biomechanical responses to 
ACL injury prevention programs, and this may be limiting our capacity to 
understand what constitutes effective ACL injury prevention practice. 
Laboratory-based measures frequently used to identify athletes’ at-risk of ACL 
injury are not cost-effective and prohibitive to the majority of the wider 
community.[87] Accurate and cost-effective screening methods that can be 
coupled with more targeted and intensive injury prevention programs are 
likely to be beneficial in reducing the rate of ACL injuries.[226] Field-based 
screening methods are a more cost-effective and applicable option for wider 
community use. A number of ACL injury risk screening methods that can be 
completed in field or clinical settings have been developed,[85-88, 91-93] however 
assessment of their applicability for use in wider community and sport-
specific settings is yet to be undertaken. Evaluating the capacity of current 
field-based ACL injury risk screening methods to be used within wider 
community and sport-specific contexts will assist in identifying the most 
appropriate method(s) to be used in these settings 
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In Australia, netball provides an ideal cohort to study noncontact ACL 
injuries. Netball is predominantly played by females and involves the 
performance of high-risk sporting tasks that are associated with ACL injuries. 
In particular, the leap landing technique is often associated with ACL injuries 
within the sport. Research focusing on this cohort and high-risk task can yield 
valuable information relating to ACL injury risk and prevention. 
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Chapter Three: Methodology Overview 
 
This chapter serves as an overview of the general methods employed within 
this thesis. Details regarding the general methodology used to examine 
neuromuscular control and lower limb biomechanics, and experimental 
procedures that are common across studies are presented herein. Within 
subsequent chapters, readers will be referred back to the appropriate sections 
of this chapter where applicable. 
3.1 Ethical Approval 
Project approval was given by the Deakin University Human Research Ethics 
Committee (Project No. 2013-007; see Appendix A, Page 369). Prior to testing, 
all participants were informed of the research and potential hazards via a plain 
language statement. Participants volunteered and provided written consent 
prior to any involvement in the research or laboratory testing sessions (see 
Appendix B, Page 370). 
3.2 Participants 
Sub-elite female netball players were recruited for all studies within this thesis. 
The players included in this research were from a community-level open-age 
female netball competition which teams play one match per week. In addition 
to matches, players on average trained 1.74 ± 0.85 times per week (range = 1 – 
4) for an average of 71.71 ± 14.14 minutes (range = 45 – 100). Players had on 
average 12.40 ± 4.42 years of netball experience (range = 2 – 21). Prior to testing, 
participants completed an injury history questionnaire (see Appendix C, Page 
378) and were excluded if they had: (i) a current lower limb/back injury; (ii) 
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previous history of serious knee injury or lower limb/back surgery; or (iii) 
suffered an injury to the lower limb/back in the past six weeks. Participants 
were also required to have had no previous exposure to an ACL injury 
prevention program as part of their training history. These exclusion criteria 
were in line with similar studies in this area.[125, 249-252] Participants were also 
required to be free of any neuromuscular or musculoskeletal disorders that 
affected the lower limb. The details of specific participant demographics for 
each study are presented in their respective chapters. 
Upon recruitment, participants were asked whether any foreseeable 
circumstances would limit their ability to complete the follow-up testing 
session (i.e. testing session two) six-weeks after baseline testing. Where this 
was the case, these participants were allocated to a ‘singular’ testing group 
where their only commitment was attending a single testing session. As there 
were single-time point studies included in this thesis, an inability to attend the 
follow-up testing session did not exclude participants from this research. 
Participants whom reported as eligible to attend both testing sessions were 
subsequently randomised to either the control or training group. All 
participants completed an initial testing session, with participants allocated to 
the control and training groups returning six-weeks later to complete an 
identical follow-up testing session. In this six-week period participants within 
the control group continued their regular training practices, while those in the 
training group undertook a six-week ACL injury prevention program (see 
Figure 3.1, Page 35).  
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Figure 3.1 Diagrammatic representation of the experimental flow of 
recruited participants. a – four participants (3 could not be 
contacted; 1 sustained injury) from the control group did not 
return for testing session two; b – two participants (could not 
be contacted) from the training group did not return for testing 
session two. 
3.3 Experimental Procedures 
A number of experimental procedures were used to meet the aims of this 
thesis. Data were collected during one or two laboratory-based testing 
sessions, depending on group allocation. Subsequent chapters within this 
thesis use data from one or both of these testing sessions. Data from the 
baseline testing session was used for the studies where data from a single time-
point was examined (i.e. Chapters Four, Five, Eight and Nine), while data from 
both testing sessions was used for the study where comparisons across time-
points were made (i.e. Chapter Six). The tasks completed within these sessions 
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were identical across participants and testing sessions. During laboratory-
based sessions, participants completed a range of tasks in a randomised order. 
As these tasks required the performance of multiple trials, adequate rest 
between trials (i.e. 60-90 seconds) and tasks (i.e. five to ten minutes) was given 
in an effort to minimise fatigue. In addition to the laboratory-based testing, 
participants allocated to the intervention group completed a six-week injury 
prevention program between sessions. The following sections detail how these 
experimental procedures were performed, as well as key considerations 
surrounding the use of these procedures within laboratory-based testing 
sessions. 
3.3.1 Netball-Specific Landing Task 
The netball-specific landing task chosen for this research was a leap landing. 
A leap landing involves a run-up, followed by a single limb take-off and land 
on the contralateral limb (see Figure 3.2).[157] This task was examined as part of 
this research for three key reasons. First, it represented a sport-specific task 
relevant to the cohort being examined. Second, the deceleration and extended 
lower limb position associated with the leap landing technique are relevant to 
ACL injury mechanisms.[245] Finally, leap landings are a known mechanism for 
ACL injuries in netball.[245]  
 
Figure 3.2 Sagittal view of the leap landing task. 
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Leap landings are often performed in games when catching a pass,[157] and the 
inclusion of a ball in laboratory-based testing can influence lower limb 
neuromuscular and biomechanical measures.[54, 154, 155] Therefore, participants 
were required to catch a pass distributed with a flat trajectory while 
completing the landing task.[248, 253] Each trial was initiated by breaking and 
accelerating from a static defender (model skeleton) from a position six-metres 
from the landing area, followed by a run-up and leap landing whilst catching 
a pass. Passes were received from 2.5 metres in front of the landing area at a 
30 degree angle on both the left and right sides (see Figure 3.3, Page 39). To 
ensure consistency the pass was completed by the same experienced player 
for all trials, with the passer instructed to pass between waist and head height. 
The quality of the pass was observed by an investigator during each trial, and 
trials were excluded if the pass fell outside of the height range or was not 
within half a metre of the participant. Trials were also excluded if the 
participant failed to catch the pass.  
During testing, participants performed 20 successful leap landing trials on a 
designated ‘landing limb.’ The landing limb was determined prior to data 
collection by asking participants which limb they would be more comfortable 
landing on when catching a pass during a game. Further to this, players were 
given an opportunity to trial landing on each limb to identify which they were 
more comfortable landing on. Of the 20 successful trials recorded; ten landings 
each were performed with the participant receiving passes from their left and 
right (see Figure 3.3, Page 39), with the order of these randomised throughout 
trials. Preliminary analysis of data revealed no difference between the side the 
pass was received from for neuromuscular and biomechanical variables. All 
trials, irrespective of the pass side, were subsequently analysed together. A 
successful trial was characterised by: (1) performing the leap landing on the 
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designated landing limb with the entire foot landing within the borders of the 
force plate; (2) successfully catching a pass thrown between chest and head 
height; and (3) coming to a complete stop within one step after landing. 
Participants were instructed to perform the run-up and landing at ‘game-
pace.’ Approach speeds were monitored using photoelectric timing gates 
(SpeedLight, Swift Performance Equipment, Carole Park, Queensland, 
Australia) placed at one metre intervals over the three metres prior to the 
landing. Approach speeds within a 3.5 – 5.5 m·s-1 range have been observed 
for leap landings performed within a game setting,[254] therefore trials 
performed outside of this range were excluded from analysis. Further details 
on approach speed data collection and analysis are outlined in Section 3.4.4 of 
this chapter. Video recordings and force plate data were used to inspect 
landings to ensure a leap landing was performed and the criteria for a 
successful trial was met. Trials were repeated until the 20 successful trials were 
recorded. The average number of trials performed by participants across all 
sessions was 27 ± 4. Participants were allocated 60-90 seconds rest between 
trials in an effort to minimise fatigue.[134, 255] The laboratory set-up and 
instrumentation used to record leap landing performances is illustrated in 
Figure 3.3 (see Page 39).  
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Figure 3.3 Diagrammatic representation of the laboratory set-up and 
instrumentation used for the leap landing task. 
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3.3.2 Bilateral Drop Vertical Jump 
Participants were required to perform a bilateral drop vertical jump task 
incorporating both horizontal and vertical displacement. Participants jumped 
from a 30 cm high box positioned at a distance 50% of their height from the 
landing area.[91] Upon landing, participants were required to immediately 
rebound for a maximal vertical jump (see Figure 3.4).[91]  
 
Figure 3.4 Sagittal view of the bilateral drop vertical jump-landing task. 
Participants were instructed on how to complete the task with an emphasis 
placed on jumping as high as possible during the vertical jump phase, and 
were not provided any feedback during or in between trials unless they 
performed the task incorrectly.[91] After task instruction, participants were 
given as many practice trials as necessary to become proficient at the task. 
Participants performed three successful trials of the drop vertical jump-
landing task. A successful trial was characterised by: (1) jumping off both feet 
from the box; (2) jumping forward, but not vertically to reach the landing area; 
and (3) completing the task in a fluid motion.[91]  
Video data from the drop vertical jump task were used to assess landing 
technique using the Landing Error Scoring System (LESS).[91] The laboratory 
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set-up and instrumentation used to record bilateral drop vertical jump trials is 
illustrated in Figure 3.5. The limb of interest during the drop vertical jump task 
was the ‘landing limb’ used for the leap landing task. Therefore, the lateral 
video camera was moved to the left of the landing area for participants who 
identified their left leg as the ‘landing limb.’  
 
Figure 3.5 Diagrammatic representation of the laboratory set-up and 
instrumentation used for the drop vertical jump-landing task. 
Positioning of the lateral video camera is representative of a 
participant who identified their right side as their preferred 
‘landing limb.’ 
3.3.3 Tuck Jumps 
Participants were required to perform a repeat tuck jump task, attempting to 
bring the knees to the chest during each jump, for a period of ten 
seconds.[86, 256] Participants were instructed to begin in a starting position with 
feet shoulder width apart and initiate the jump with a slight downward crouch 
while extending their arms behind them; bring the knees up as high as possible 
Methodology 
 
42 
during the jump; and on landing immediately begin the next jump (see Figure 
3.6). 
 
Figure 3.6 Sagittal view of the tuck jump task. 
Participants received further basic instructions and goals for the performance 
of tuck jumps, including; attempting to lift the thighs to a parallel height, 
aiming to minimise the time in contact with the ground after each jump, and 
trying to land on the same spot after each jump.[256] Participants performed one 
successful trial of the tuck jump task. Successful trials were characterised by 
the participant maintaining the performance of tuck jumps for the ten second 
period. Video data from the tuck jump task were used to assess the 
participants landing technique using the Tuck Jump Assessment.[86] The 
laboratory set-up and instrumentation used to record tuck jump trials is 
illustrated in Figure 3.7 (see Page 43). 
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Figure 3.7 Diagrammatic representation of the laboratory set-up and 
instrumentation used for the tuck jump task. 
3.3.4 Single-Leg Squat 
Participants were required to perform a single-repetition single-leg squat task. 
The starting position for the single-leg squat task[257] is illustrated in Figure 3.8.  
 
 
Figure 3.8 Starting position for the single-leg squat task. 
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Participants were instructed to keep their arms parallel to the floor with the 
forearms together while performing the squat at a “comfortable pace,” 
dropping down to a “comfortable depth,” and then returning to their starting 
position (see Figure 3.9). Pace and depth of the squat were not controlled for 
across participants as it was hypothesised these factors would be relevant to 
the participants self-selected movement strategy, and the strategy employed 
may reveal important information regarding their ability to stabilise the lower 
limb. 
 
Figure 3.9 Sagittal view of the single-leg squat task. 
Participants performed one successful trial of the single-leg squat task. 
Successful trials were characterised by the participant maintaining their 
balance (i.e. not placing their opposite foot on the ground) and the appropriate 
arm position through the entire squatting movement. The laboratory set-up 
and instrumentation used to record single-leg squat trials is illustrated in 
Figure 3.10 (see Page 45). Participants performed the single-leg squat task on 
the limb they used as their ‘landing limb’ for leap landing task, with the lateral 
video camera always placed on the squatting limb side of the participant (i.e. 
camera was moved to the left for who identified their left leg as the ‘landing 
limb’).  
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Figure 3.10 Diagrammatic representation of the laboratory set-up and 
instrumentation used for the single-leg squat task. Positioning 
of the lateral video camera is representative of a participant 
who identified their right side as their preferred ‘landing 
limb.’ 
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3.3.5 Injury Prevention Program 
Participants allocated to the training group undertook a six-week injury 
prevention program between testing sessions.  The injury prevention program 
used was the ‘Down 2 Earth’ program.[258] ‘Down 2 Earth’ (D2E) is an 
established netball-specific injury prevention program targeting lower limb 
injuries by encouraging safe and effective landing technique.[258, 259] The 
program involved a total of three sessions per week; where one session was 
completed under supervision of a research team member, and the remaining 
two conducted as ‘home-based’ sessions completed by the participant 
individually. The same researcher completed the supervised training sessions 
across all weeks for all participants. The home-based sessions were designed 
to replicate the training sessions conducted under supervision, with some 
modifications where applicable.[254] For each participant, attendance at the 
supervised sessions was recorded. Participants were given a booklet that 
guided them through each session, and also contained a diary page to monitor 
attendance to training sessions (see Appendix D, Page 379). The exercises used 
within the program were based on those used in injury prevention programs 
shown to reduce the risk of ACL injury,[37, 212] with necessary adaptations to 
make the exercises applicable to netball.[254] The D2E program includes 
guidelines for safe and effective landing technique, progressive exercises with 
specified sets and repetitions, and instructions for providing/receiving 
feedback during sessions.[258, 259]  
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The main tenet of the program is that improved landing technique can be 
facilitated via a feedback schedule, directing focus to three key guidelines for 
safe and effective landing technique,[258] those being; (i) control the hip and the 
knee when landing, do not allow the hip and knee to swing inward or 
outward on landing; (ii) keep the knee and toe direction the same; and (iii) 
ensure a ‘soft’ and slightly bent knee on landing. During supervised testing 
sessions, verbal feedback was received from the supervisor surrounding these 
three key landing features. Participants were provided with a visual iteration 
of these guidelines within the program booklet (see Figure 3.11), which they 
used to facilitate feedback during the home-based sessions. 
 
Figure 3.11 Visual feedback guidelines for safe and effective landing 
technique used within the ‘Down 2 Earth’ injury prevention 
program. Adapted and reproduced with permission from 
Saunders et al.[258] 
The program incorporated a core set of exercises around this feedback 
protocol; involving stationary jump-landings, directional jump-landings, 
lunging, and netball-specific landing movements.[258] These core exercises were 
progressed throughout the six-week program by adding to or varying the 
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movement to increase difficulty. Specifically, stationary jump-landing 
movements were performed bilaterally and unilaterally, and progressed via 
the inclusion of a ball and the addition of rotation (see Figure 3.12, Page 49). 
Directional jump-landings were performed bilaterally and unilaterally, and 
were progressed via the inclusion of a ball (see Figure 3.13, Page 50). Lunging 
movements were performed in a static, dynamic and plyometric manner, in 
forward and sideward directions, and were progressed via the inclusion of a 
ball (see Figure 3.14, Page 51). The sport-specific landing movement was 
progressed via the addition of a defender, and subsequent pivoting and 
passing movements following landing (see Figure 3.15, Page 52). 
The reasoning behind the use of the D2E program was two-fold. First, the D2E 
program has been shown to positively alter neuromuscular and biomechanical 
risk factors associated with injuries to the lower limb, particularly those to the 
ACL.[254] Second, it was important that the findings surrounding the injury 
prevention program were translatable to wider community settings. There is 
evidence that community level netball coaches are willing to implement the 
D2E program as they believe it can improve athletic attributes and reduce 
injury risk.[259] Based on these findings, it was believed the D2E program was 
appropriate for use within this thesis. 
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Figure 3.12 Variations in stationary jump-landing exercises used within 
the ‘Down 2 Earth’ injury prevention program. A) Bilateral 
stationary jump-landing; B) Unilateral stationary jump-
landing; C) Bilateral stationary jump-landing with catch; D) 
Unilateral stationary jump-landing with catch; E) Unilateral 
stationary jump-landing with rotation. Adapted and 
reproduced with permission from Saunders et al.[258] 
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Figure 3.13 Variations in directional jump-landing exercises used within 
the ‘Down 2 Earth’ injury prevention program. A) Bilateral 
directional jump-landing task; B) Unilateral directional jump-
landing task; C) Bilateral directional jump-landing task with 
catch. ‘NSEW’ is used to describe a sequence that involves 
jumping in a forward, backward, left and right pattern. 
Adapted and reproduced with permission from Saunders et 
al.[258] 
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Figure 3.14 Variations in lunging exercises used within the ‘Down 2 Earth’ 
injury prevention program. A) Stationary lunging exercise; B) 
Step lunging exercise; C) Stationary lunging exercise with 
catch; D) Side-step lunging exercise; E) Stationary jump-
landing exercise; F) Stationary jump-lunging exercise with 
catch. Adapted and reproduced with permission from 
Saunders et al.[258] 
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Figure 3.15 Variations in sport-specific landing exercises used within the 
‘Down 2 Earth’ injury prevention program. A) Netball-specific 
leap landing task with catch; B) Netball-specific leap landing 
task with catch and pass to a known player; C) Netball-specific 
leap landing task with catch and pass to an unknown player; 
D) Netball-specific leap landing task with catch against a 
defender and pass to an unknown player. Adapted and 
reproduced with permission from Saunders et al.[258] 
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3.4 Data Collection and Analysis 
Within testing sessions, electromyography, kinematic and kinetic data were 
collected from participants. Participants were also monitored using video 
footage from frontal and sagittal views. The following sections discuss key 
considerations regarding the use of these procedures in biomechanical 
research, provide a detailed outline of how these procedures were 
implemented, and outline the general processing methods used to analyse 
collected data. Throughout chapters, readers will be informed as to which data 
were used within each study. 
3.4.1 Electromyography (EMG) 
The complex movement patterns associated with dynamic sporting and 
landing manoeuvres are produced by forces generated by the muscular 
system.[260] The electrical signal associated with motorneuron depolarisation 
causing contraction of a muscle can be measured via electromyography 
(EMG).[261] EMG provides a valuable tool for assessing neural control of human 
movement.[262] The eventual signal recorded via EMG originates within the 
central nervous system. Motor units, which contain an alpha motor neuron 
connected to a number of muscle fibres via motor end plates, form the basic 
functional unit for excitation and contraction of skeletal muscle.[263] Motor 
units are recruited in an orderly fashion by the central nervous system to 
produce skeletal muscle contractions.[261] The activation of a motor neuron 
results in the conduction of an excitatory signal along the motor nerve.[263] As 
this signal reaches the muscle fibres at the motor end plates, the diffusion 
characteristics of the muscle fibre membranes are briefly modified causing 
membrane depolarisation.[261, 263] This depolarisation results in a ‘wave’ along 
the direction of the muscle fibres.[261] It is this depolarisation and subsequent 
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repolarisation wave that is recorded by EMG electrodes.[261] The EMG signal 
gives information regarding which muscle(s) are active during certain 
movements.[261] Therefore, EMG affords the opportunity to measure the 
electrical activity associated with muscle activation and identify the neural 
contribution of muscles to human movement.  
Although EMG provides valuable information surrounding the neural control 
of human movement, it is not without limitations. A major limitation of EMG 
is that it does not provide information about muscle force.[262] As the EMG 
signal is a measure of electrical and not mechanical events, it does not provide 
a direct measure of the force or torque being produced from the muscle 
contraction.[261] The physiological characteristics of a muscle can also alter the 
interpretation of EMG signals. At the same activation level, a given muscle can 
produce more force if it has a larger cross-sectional area, or is operating at a 
more optimal length and/or velocity.[262] An additional limitation associated 
with EMG recordings is the inherent electromechanical delay between the 
electrical signal and subsequent mechanical effect of the muscle 
contraction.[262] To assume that when a muscle is activated it instantly provides 
a mechanical effect is erroneous. This delay must therefore be considered 
when attempting to identify the muscle activation characteristics that support 
against external loads during high-risk sporting tasks. In order to be effective, 
the muscle must be activated prior to when support against external loading 
is required to ensure the muscle is mechanically effective. Despite the 
limitations, EMG provides an option for identifying neuromuscular 
contributions to ACL injury risk due to the link between neural and muscular 
systems. As the muscular system is responsible for driving movement, 
abnormalities or variation in muscle activation may be the underlying 
mechanism behind undesirable lower limb biomechanics during high-risk 
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sporting tasks. The association of muscle activation characteristics to these 
undesirable lower limb biomechanics provides a basis for identifying 
neuromuscular risk factors. Multiple studies have highlighted our ability to 
alter muscle activation patterns through injury prevention programs.[34-45] As 
the neuromuscular system is modifiable, identification of neuromuscular risk 
factors is pertinent to ACL injury prevention research. Within this thesis EMG 
was used to measure the activity of lower limb muscles, and the subsequent 
links between activation of these muscles and lower limb biomechanics during 
the netball-specific landing task. Preparation of electrode sites, location of 
electrodes, signal processing, and reporting of EMG data were in line with 
standardised procedures.[264-266] 
3.4.1.1 Electrode Properties 
Surface electrodes are commonly used within biomechanical research 
examining jump-landing or sport-specific tasks,[44, 56, 131, 133, 134, 171, 178, 181, 267-269] as 
they are non-invasive and easily applied. Surface electrodes provide a gross 
representation of muscle activity underlying the placement area.[270, 271] This 
type of electrode is often preferable to record the activity of large superficial 
muscles as it ensures the EMG recording is representative of the activity of 
many muscle fibres. Due to the large recording area of surface electrodes, there 
is the potential for crosstalk in contaminating the recorded signal from 
muscles near the muscle of interest.[272] Surface electrodes have shown good 
reliability both within- and between-sessions for lower limb EMG recordings 
during a range of dynamic tasks.[273-278] However, selecting the appropriate 
electrode size and location of electrodes must be carefully planned to avoid 
crosstalk.[266]  
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The configuration, size, material, and inter-electrode distance all may affect 
the quality of EMG recordings when using surface electrodes. Wireless 
parallel-bar electrodes (Delsys Trigno, Delsys Incorporation, Boston, MA, 
United States) were used for the studies within this thesis. Large contact areas 
and inter-electrode distances contribute to a greater risk of crosstalk from 
adjacent and underlying muscles, while contamination of the EMG signal can 
occur from movement of cables connecting electrodes to an amplifier.[272] The 
wireless parallel-bar electrodes used within this research are advantageous in 
minimising these effects by providing a small and consistent inter-electrode 
distance (10mm) and eliminating the need for cables connecting the electrode 
to an amplifier.[279]  
3.4.1.2 Surface Electrode Placement and Fixation 
EMG data were collected unilaterally from eight lower limb muscles. 
Appropriate skin preparation ensured adequate electrode-skin contact, 
reducing noise and artificial artefact, thereby improving the quality of EMG 
recordings.[264] Prior to electrode attachment, the skin was prepared using a 
standardised procedure in accordance with published recommendations.[264] 
Placement sites were dry shaven (if required) to remove any hair using a 
disposable razor, followed by gentle abrasion and sterilisation of the area 
using Nuprep® skin preparation gel (Weaver and Company, Aurora, CO, 
United States) and isopropyl alcohol applied via non-sterile gauze swabs 
(Sentry Medical, Wetherill Park DC, New South Wales, Australia). Following 
skin preparation, electrodes were affixed to the skin at the muscle sites of 
interest. Tuf-Skin® adhesive spray (Cramer Sports Medicine, Cramer Products 
Inc., Gardner, KS, United States) was applied to improve electrode adherence, 
with the electrode affixed to the skin via a specially tailored adhesive interface 
(Delsys Trigno, Delsys Incorporation) (see Figure 3.16, Page 58). Electrodes 
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were further affixed with stretchable, adhesive, non-woven tape (Fixomull® 
Stretch, Smith & Nephew, London, England) and variable-sized elastic net 
bandage (Surgifix®, Smith & Nephew) applied over electrodes to improve 
adherence and reduce movement on the skin. 
Data were collected from the gluteus maximus, gluteus medius, rectus 
femoris, vastus medialis, vastus lateralis, medial hamstrings, lateral 
hamstrings, and lateral gastrocnemius. These muscles were chosen as they all 
have the ability to influence motion at the hip and/or knee joint, and have been 
studied in the context of neuromuscular control and ACL injury risk during 
athletic tasks.[56, 131, 134, 171, 178, 184-187, 269, 280-282] Electrodes were orientated parallel to 
the direction of the muscle fibres and positioned relative to anatomical 
landmarks for optimal signal quality and avoidance of innervation zone 
locations in accordance with established procedures (see Figure 3.17, Page 58 
and Table 3.1, Page 59).[265, 283] Palpation and requesting the participant to 
voluntarily contract the desired muscle were used to confirm correct electrode 
placement on the muscle belly. Electrode placement and manual muscle 
testing were performed by the same investigator on every participant during 
testing sessions.  
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Figure 3.16 Image of Delsys Trigno parallel-bar surface electrode with 
specially tailored adhesive skin interface attached. 
 
 
Figure 3.17 Locations of EMG surface electrodes for an example 
participant (right leg as landing limb). The view of the gluteus 
maximus (GMAX) and gluteus medius (GMED) locations are 
obstructed by the participant’s shorts. 
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Table 3.1 Guidelines used for surface electrode placement.[265, 283] 
Muscle Electrode Placement Guidelines 
Gluteus Maximus (GMAX) 
Placed on the posterior aspect of the buttocks, 55% of the 
distance along a line from the second sacral vertebrae to 
the greater trochanter. 
Gluteus Medius (GMED) 
Placed on the lateral aspect of the buttocks, 50% of the 
distance along a line from the iliac crest to the greater 
trochanter. 
Medial Hamstrings (MHAM) 
Placed on the posterior-medial aspect of the thigh, 50% 
of the distance along a line from the ischial tuberosity to 
the medial side of the popliteus. 
Lateral Hamstrings (LHAM) 
Placed on the posterior-lateral aspect of the thigh, 50% 
of the distance along a line from the ischial tuberosity to 
the lateral side of the popliteus. 
Rectus Femoris (RF) 
Placed on the anterior aspect of the thigh, 130 mm from 
the superior aspect of the patella, along a line from the 
superior aspect of the patella to the anterior superior 
iliac spine. 
Vastus Lateralis (VL) 
Placed on the anterior-lateral aspect of the thigh, 120 
mm from the superior-lateral aspect of the patella, along 
a line from the superior-lateral aspect of the patella to 
the anterior superior iliac spine. 
Vastus Medialis (VM) 
Placed on the anterior-medial aspect of the thigh, 37 mm 
from the superior-medial aspect of the patella, along a 
line from the superior-medial aspect of the patella to the 
anterior superior iliac spine. 
Lateral Gastrocnemius (GAS) 
Placed on the posterior-lateral aspect of the shank, 25% 
of the distance along a line from the lateral knee joint 
line to the lateral malleolus. 
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3.4.1.3 EMG Data Acquisition and Signal Processing 
EMG data were collected digitally through Vicon Nexus (Vicon, Oxford 
Metrics Limited, Oxford, United Kingdom) sampling at 2000 Hz, and online 
bandpass filtered between 10 and 500 Hz. It is recommended that the sampling 
rate for EMG data be at or higher than the frequency of the online bandpass 
filter,[266] therefore the sampling rate of 2000 Hz was deemed appropriate. Prior 
to movement trials, a 30 second baseline file with the participant standing 
quietly was collected to determine baseline EMG levels. Following this, 
maximal voluntary isometric contractions (MVICs) were performed for the 
muscles/muscle groups of interest with participants placed in standardised 
positions (see Appendix E, Page 390) in accordance with established 
procedures and guidelines.[263, 264, 266] Three maximal effort contractions were 
performed against manual resistance for each muscle/muscle group. For each 
contraction, participants increased muscle tension over three seconds, 
maintained tension for three seconds, and released tension over three seconds.  
Collected EMG data were exported from Vicon Nexus and processed offline 
using custom MATLAB (version R2014a) (The Mathworks Incorporated, 
Natick, MA, United States) programs. Prior to processing, all signals were 
checked for artefacts or artificial noise. Some trials (less than one per 
participant per testing session) were lost due to significant impact artefacts 
contributing noise to or saturating the signal. Raw EMG signals were corrected 
for bias by subtracting the mean of each participants’ baseline recording for 
the respective muscle. Signals were submitted to a fourth-order, zero-lag 
Butterworth digital high-pass filter ( ௖݂ = 20 Hz) to minimise movement 
artefact.[82, 284, 285] The filtered EMG data were then full-wave rectified and 
converted to a linear envelope via a fourth-order, zero-lag Butterworth digital 
low-pass filter ( ௖݂ = 6 Hz).[171, 269] The linear envelopes of EMG signals were 
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subsequently used in providing an indication of the activation patterns of the 
muscles.[261] 
Amplitude normalisation of EMG signals was undertaken to account for 
variability among recording factors (e.g. changes in skin-electrode impedance, 
subcutaneous tissue thickness, and variations in electrode placement) and to 
facilitate comparisons between individuals and muscles. Studies examining 
athletic tasks have normalised EMG data to the maximum activation level 
achieved during MVICs,[59, 62, 63, 120, 131, 178, 180, 286, 287] the maximum activation level 
achieved during movement trials,[171] or a combination of whichever value is 
higher from either MVICs or movement trials.[282, 288, 289] Within this research, 
dynamic EMG data recorded during movement trials were amplitude 
normalised (% MVC) to the larger of the peak value recorded during the 
MVICs or the peak EMG activity recorded during any movement trials, similar 
to existing studies.[282, 288, 289]  A 10 millisecond (ms) moving window was used 
to identify peak EMG activity across each movement trial. Using this method 
results in all normalised EMG data being at or below 100% of maximal 
activation.[288] Following signal processing, the area of interest in the EMG 
waveform was extracted from the overall trial and used for subsequent 
analyses. For example, EMG data was extracted from the leap landing task 
over the period of 150 ms prior through to 300 ms post initial landing contact. 
This time window was chosen as previous research examining a similar single-
limb catch and land task has shown lower limb muscle onsets occur up to 150 
ms prior to landing and remain active for a period of up to 380 ms.[54] A 
schematic representation of the EMG processing framework is presented in 
Figure 3.18 (see Page 62). 
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Figure 3.18 Example processing framework for EMG data. A) Uncorrected 
raw EMG signal; B) Corrected raw EMG signal filtered with a 
20 Hz high-pass fourth order Butterworth filter; C) Full wave 
rectified EMG signal; D) EMG signal filtered with a 6 Hz low-
pass fourth order Butterworth filter to generate a linear 
envelope, dashed red lines indicate area of data to be extracted 
for further analysis; E) Extracted linear envelope EMG signal; 
F) EMG signal normalised to percentage of maximum 
activation achieved by the participant for the example muscle. 
3.4.1.3.1 Muscle Synergies 
Within this thesis, muscle synergies were used as a means to identify and 
characterise muscle activation profiles. A recent study by Kipp et al.[290] utilised 
muscle synergies to identify the different neural control strategies employed 
by prepubescent boys and girls during a drop landing task. Muscle activation 
profiles employed during movement tasks are proposed to stem from a set of 
relatively few neural commands, known as muscle synergies.[290-293] Muscle 
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synergies are the activation patterns of individual or multiple muscles by a 
single neural command, and can provide meaningful physiological 
information about the control of muscle activation.[290, 292, 293] The hypothesis 
that synergistic neural control of muscles is employed within biomechanical 
tasks is well supported.[48-50, 290-294] Analysis of muscle synergies provides an 
approach to study how these neural commands translate to muscle 
activation.[291] Muscle synergies provide a useful strategy for the control of 
complex movements as it reduces the number of output patterns the 
neuromuscular system must specify for a large number of muscles.[49] For 
example, it has been shown that five and three muscle synergies account for 
the majority of activation of lower limb muscles during walking[293] and 
landing[290] movements, respectively. In addition, muscle synergies are often 
associated with the major kinematic and kinetic events of the movements 
being analysed.[48, 49, 290, 293] A muscle synergy consists of a time-variant 
activation coefficient (hereby referred to as “activation coefficients”), which 
represents the relative contribution of the muscle synergy to the overall 
activation; and time-invariant weighing coefficients (hereby referred to as 
“muscle weighing coefficients”), which represent the relative weighting of 
activation for each of the muscles of interest within the synergy (see Figure 
3.19, Page 64).[48, 49, 290, 295, 296]  
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Figure 3.19 Illustration of muscle synergies. The activation of individual 
muscles (M1 – M6) is determined by the sum of the product of 
the weighing coefficient (labelled as ‘W’) and activation 
coefficient (labelled as ‘c’) across all muscle synergies. The 
weighing coefficients determine how many muscles are 
recruited within each synergy along with how much the 
muscles are activated. The activation coefficients capture when 
these muscles are active. Three muscle synergies (black, dark 
gray and light gray shading) contributing to overall muscle 
activation are illustrated. Reproduced with permission from 
Kipp et al.[290] 
Factor analysis, independent component analysis, and non-negative matrix 
factorisation have all been used in previous research to extract muscle 
synergies from EMG data.[49] Although each of these analytical approaches 
place different restrictions on the outcomes, they all result in a similar solution 
relating to the temporal structure of the muscle activation patterns.[297] Non-
negative matrix factorisation (NMF) is the most common method used for the 
extraction of muscle synergies from EMG data.[48-50, 296] Unlike other 
decomposition methods, NMF results in positive values being obtained for 
both the muscle activation and weighing coefficients, which leads to a simpler 
and more physiologically accurate interpretation.[296] For these reasons, NMF 
was used as the analytical approach for extracting muscle synergies within this 
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thesis. Specifically, the Lee and Seung algorithm[298] was implemented. This 
algorithm assumes that the EMG signals from each muscle can be described 
as a linear combination of a set of muscle activation and weighing 
coefficients.[294] This assumption can be described by the equation: 
ܧܯܩ௘௫௣ ൌ ܹܪ ൅ ݁ ൌ ܧܯܩ௥௘௖ ൅ ݁ 
where ܹ is an m x n matrix (m and n being the number of muscles and 
synergies, respectively) that specifies the time-invariant relative weighing 
coefficients of each muscle within the synergy; ܪ is an n x t matrix (t being the 
number of sample frames of EMG data) that specifies the time-varying 
activation coefficients (i.e. the relative contribution of each synergy to overall 
muscle activation); ܧܯܩ௥௘௖ is an m x t matrix representing the reconstructed 
EMG data from the multiplication of ܹ and ܪ; and ݁ is the residual error 
between ܧܯܩ௥௘௖ and the experimentally collected EMG data (ܧܯܩ௘௫௣).[294] The 
algorithm can be iterated to explore a number of different solutions (i.e. 
different number of muscle synergies). At each iteration, ܹ and ܪ are updated 
in order to minimise the residual error between ܧܯܩ௘௫௣ and ܧܯܩ௥௘௖.[48, 49, 294, 298] 
Where implemented within this thesis, the NMF algorithm was used to 
decompose a matrix containing all of the processed EMG signals into two 
separate matrices containing the muscle activation and weighing coefficient 
values. This analysis was iterated by varying the number of synergies between 
one and six. The number of muscle synergies extracted was determined by 
calculating the variance accounted for (ܸܣܨ) value between ܧܯܩ௘௫௣ and 
ܧܯܩ௥௘௖ across the different synergy solutions.[48, 49, 290, 294, 296] It is commonly 
accepted that a mean total ܸܣܨ (i.e. ܸܣܨ across all muscles) over 90% is an 
appropriate threshold to accept reconstruction of the EMG data.[48, 49, 294, 296] 
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Therefore, the least number of synergies that accounted for a mean total ܸܣܨ 
> 90% was used as the final solution.[49] Mean total ܸܣܨ was calculated as:[49, 294] 
ܸܣܨ ൌ ͳ െσ σ ሺܧܯܩ
௘௫௣ሺ݅ǡ ݆ሻ െ ܧܯܩ௥௘௖ሺ݅ǡ ݆ሻሻ௧௝ୀଵ௠௜ୀଵ ଶ
σ σ ሺܧܯܩ௘௫௣ሺ݅ǡ ݆ሻሻଶ௧௝ୀଵ௠௜ୀଵ
 
where m and t represent the number of muscles and frames of the extracted 
EMG data, respectively. The ܸܣܨ for individual muscles (ܸܣܨ௠௨௦௖௟௘) was also 
calculated to ensure that each muscles activity patterns were accounted for by 
the retained synergies (i.e. ܸܣܨ௠௨௦௖௟௘ > 75%).[48] ܸܣܨ௠௨௦௖௟௘ was calculated as:[296] 
ܸܣܨ௠௨௦௖௟௘ ൌ ͳ െ
σ ܧܯܩ௧௥௘௖ െܧܯܩ௧௘௫௣௡௧ୀଵ
σ ܧܯܩ௧௘௫௣௡௧ୀଵ
 
Where ܧܯܩ௧௥௘௖ and ܧܯܩ௧௘௫௣ represent the reconstructed and experimental 
EMG signals at n frames of time (t) of the extracted EMG data, respectively. 
Following factorisation, the muscle activation coefficients were normalised to 
their maximum value (i.e. each muscle activation coefficient had a maximum 
value of 1), with the muscle weighing coefficients within each of the muscle 
synergies scaled by the same respective factor.[49, 294] This ensured that 
comparisons of muscle weighing coefficients could be made between trials 
and participants both within and between muscle synergies. These normalised 
muscle weighing coefficients from muscle synergies were used in subsequent 
analyses to characterise muscle activation profiles. 
3.4.2 Kinematics and Kinetics 
Present computer aided optical motion capture systems currently provide the 
most accurate method for quantifying kinematics during human 
movement,[261] and are commonly used for the examination of athletic 
tasks.[126, 131, 138, 149, 166, 167, 299-304] The relative angular rotations of individual body 
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segments can be estimated from the positional data of retro-reflective markers 
placed on anatomical landmarks and segments using established 
musculoskeletal models and techniques.[305-308] Force platform technologies can 
accurately quantify the external forces being distributed over an area of the 
body (e.g. ground reaction forces under the area of the foot).[261] These forces 
are often represented as vectors originating from a central point of pressure, 
and are used in conjunction with kinematic data in inverse dynamics 
calculations to determine moments of force acting upon segments of the 
body.[261] Within this thesis, joint kinematics of the lower limb were measured 
to describe the patterns of motion during the movement tasks examined. In 
addition, ground reaction force data were collected to determine and calculate 
the external forces and joint moments acting on the lower limb. 
3.4.2.1 Kinematic Data Acquisition 
Three-dimensional (3D) kinematics of the lower limb were measured using an 
eight-camera Vicon MX motion analysis system (Vicon, Oxford Metrics 
Limited) sampling at 250 Hz. Eight cameras were used to monitor a capture 
volume of five by three metres, with the minimisation of marker dropout the 
primary factor in determining camera height and placement. Prior to data 
collection, a two-part calibration procedure was undertaken in accordance 
with standard Vicon procedures. First, a dynamic calibration was performed 
by moving a 5-marker L-frame wand throughout the capture volume. The 
same wand was then used for a static calibration to define the origin (i.e. X-Y-
Z coordinates of 0-0-0) of the capture volume and orientation of the global 
coordinate system (X, Y and Z representing anterior-posterior, medial-lateral 
and vertical directions, respectively). The dynamic calibration calculated 
camera residuals providing reconstruction accuracy for each individual 
camera. Camera residuals of less than 0.3 pixels (< one millimetre) were 
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established as a requirement for the calibration to be accepted. Where 
residuals were above this threshold, the dynamic calibration process was 
repeated until the predetermined values were achieved. 
3.4.2.1.1 Marker placement and kinematic model 
Thirty-two 14-millimetre retro reflective markers were attached to 
participants’ pelvis and lower limbs in accordance with an established 
musculoskeletal model.[305] This model has been previously described and 
validated[305] and is widely used in biomechanical studies examining athletic 
tasks.[56, 126, 138, 149, 176, 300, 309-311] Markers were attached bilaterally on the iliac crest 
(ILCR), anterior superior iliac spine (ASIS), posterior superior iliac spine 
(PSIS), greater trochanter (GTR), lateral aspect of the thigh (LTHI), anterior 
aspect of the thigh (THI), lateral epicondyle of the femur (LEP), medial 
epicondyle of the femur (MEP), anterior-proximal aspect of the shank (PSH), 
lateral aspect of the shank (LSH), anterior-distal aspect of the shank (DSH), 
lateral malleolus (LMAL), medial malleolus (MMAL), base of the third 
metatarsal head (TOE), base of the fifth metatarsal head (5TH), and calcaneus 
(HEE) (see Figure 3.20, Page 69). All markers were initially secured using 
double-sided adhesive tape. Soft tissue artefact is a common source of error 
associated with marker-based motion capture.[312] To improve adherence, 
markers were further affixed by applying stretchable, adhesive, non-woven 
tape (Fixomull® Stretch, Smith & Nephew). The same investigator performed 
marker placement on all participants across all testing sessions. After marker 
placement and prior to the undertaking of movement trials, a two-second 
calibration trial was recorded with the participant standing in a stationary 
(neutral) position (see Figure 3.20, Page 69).[56, 305, 310] Markers on the left and 
right MEP and MMAL were for calibration purposes only, and removed 
following the calibration trial. 
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Figure 3.20 Marker locations and the stationary calibration pose used to 
define a kinematic model comprised of seven skeletal 
segments (pelvis; right and left thigh; right and left shank; and 
right and left feet). The medial epicondyle (MEP) and medial 
malleoli (MMAL) markers (red) were removed for the 
recording of movement trials. Adapted and reproduced with 
permission from McLean and Samorezov.[310] 
A kinematic model[305, 310] consisting of seven skeletal segments (pelvis; right 
and left thigh; right and left shank; and right and left feet) and 24 degrees of 
freedom (DoF) was defined within Visual 3D software (C-Motion, Rockville, 
MD, United States) from the participant’s stationary (neutral) trial. The pelvis 
was assigned three translation and rotational DoF relative to the global 
(laboratory) coordinate system, with the proximal and distal ends of the 
segment defined by markers placed on the iliac crest and greater trochanters, 
respectively.[56, 310] The hip, knee and ankle joints were defined locally and each 
assigned three rotational DoF.[56, 310] Rotations of the hip joint were defined 
about three orthogonal axes passing through a fixed joint centre defined 
according to Bell et al.[306]. Knee joint motion was described by rotation about 
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a fixed flexion-extension axis,[176] passing through a joint centre defined by the 
midpoint between the lateral and medial epicondyle markers in accordance 
with Vaughan et al.[308]. Ankle joint motion occurred around a joint centre 
defined as the midpoint between the lateral and medial malleoli, with the 
plantarflexion-dorsiflexion axis extending laterally from this point.[176, 307]  
3.4.2.2 Kinetic Data Acquisition 
Ground reaction force (GRF) data was collected using a single 600 x 900 
millimetre in-ground AMTI force plate (Advanced Mechanical Technology 
Incorporated, Watertown, MA, United States) sampling at 1000 Hz. To avoid 
deterioration of the signal over the testing session, the force plate was zeroed 
between trials for all tasks. Participants were made aware of the position of 
the force plate and were instructed to position their ‘landing limb’ within the 
boundaries of the force plate during relevant landing movements. Visual 
targeting of force plates has been investigated as a potential confounding 
factor in biomechanical studies where ground reaction force measures are 
taken.[313, 314] While visual targeting strategies (e.g. adjusting stride pattern or 
increasing gaze towards force plate) have been identified within laboratory-
based sessions incorporating a force plate, there appears to be no effect on 
kinematic or kinetic outcomes when these strategies are adopted.[313, 314] 
3.4.2.3 Signal Processing 
Three-dimensional marker trajectory data during movement trials were 
reconstructed and labelled within Vicon Nexus (Vicon, Oxford Metrics 
Limited). Any gaps in marker trajectories were filled using either a cubic spline 
or pattern fill method. The method used was determined by visual 
examination of the proposed fill trajectory and selection of the best fit. Where 
the pattern fill was used, a marker on the same segment was used as the source 
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to construct the fill trajectory. Trials where large gaps (i.e. > 25 frames) 
occurred were discarded. The appropriate placement of cameras ensured this 
rarely occurred, with less than one trial per participant on average being lost 
for this reason. Following these steps, marker trajectory and GRF data were 
exported to Visual 3D (C-Motion) for further analyses. 
There is a need to low-pass filter marker trajectory and GRF data when 
examining high-impact athletic or sporting movements to remove excessive or 
random noise.[315, 316] While marker trajectory data is generally filtered with a 
5-20 Hz cut-off frequency, GRF data has been filtered using higher cut-off 
frequencies.[315] However, recent research has shown that using difference cut-
off frequencies for marker trajectory and GRF data within inverse dynamics 
calculations results in variations in the magnitude of peak joint moments, as 
opposed to matched cut-off frequencies.[315, 317] The variations in joint moment 
data are proposed to be a result of impact artefacts that present during rapid, 
high impact athletic activities.[315, 318] Applying the same filter and cut-off 
frequency to both marker trajectory and GRF data can reduce the possibility 
of artefacts in joint moment data.[319] Inaccuracies in the reporting of joint 
moment data can influence conclusions of studies examining risk factors for 
ACL injury.[320] Therefore, for all analyses within this thesis, an identical low-
pass filter and cut-off frequency was used to process marker trajectory and 
GRF data, with the optimal cut-off frequency determined from analysis of 
marker trajectory data.[315, 318, 320] 
Raw marker trajectory and GRF data from movement trials were low-pass 
filtered with a cubic smoothing spline.[321] A number of methods have been 
proposed for determining the optimal cut-off frequency for filtering kinematic 
and kinetic data.[261, 322] Residual analysis[261] is a common technique used in 
biomechanical studies.[83, 166, 167, 255] This technique involves plotting the residual 
Methodology 
 
72 
between the filtered and unfiltered signal at a range of cut-off frequencies.[261] 
In general, the optimal cut-off frequency is determined by finding the point 
that balances the magnitude of signal distortion and noise present following 
low-pass filtering at various cut-off frequencies.[261] For all analyses within this 
thesis, the optimal cut-off frequency for the low-pass filter was determined via 
a combination of residual analysis of marker trajectory data and visual 
inspection of kinematic and kinetic data filtered at varying levels.[83, 166, 167, 255] 
Data from different movement tasks were filtered at variable levels depending 
on the optimal cut-off frequency determined for that task. The specific cut-off 
frequencies used are outlined in the methodology sections of each study. 
Hip, knee and ankle joint rotations from the participants’ landing limb were 
calculated from the filtered marker trajectories from each movement trial. Joint 
rotations were calculated using an X-Y-Z Cardan angles sequence; with the X, 
Y and Z axes representing joint rotations in the sagittal, frontal and transverse 
planes, respectively.[138] Kinematic data were expressed relative to each 
participant’s stationary (neutral) trial.[56, 310, 311] Positive values represented 
positions of hip flexion, adduction, and internal rotation; knee extension, 
adduction (i.e. abduction of the tibia relative to the femur), and internal 
rotation (i.e. internal rotation of the tibia relative to the femur); and ankle 
dorsiflexion, inversion, and internal rotation. Negative values represented 
positions of hip extension, abduction, and external rotation; knee flexion, 
abduction (i.e. abduction of the tibia relative to the femur), and external 
rotation (i.e. external rotation of the tibia relative to the femur); and ankle 
plantarflexion, eversion, and external rotation (see Figure 3.21, Page 73).  
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Figure 3.21 Illustration of sign conventions used to represent hip, knee 
and ankle joint rotations about three rotational degrees of 
freedom. Reproduced with permission from McLean and 
Samorezov.[310] 
Three-dimensional intersegmental forces and moments were obtained by 
submitting the filtered marker trajectory and GRF data to a conventional 
inverse dynamics analysis.[261] The choice of reference frame in which to 
express lower limb joint moments can affect the results obtained, particularly 
during high-impact landing movements.[318, 323] Projection to the joint 
coordinate system (JCS) is the only method where joint moments correspond 
to muscle and ligament loading, and thus is a natural choice for a standard of 
joint moment reporting.[318] Joint moments were therefore expressed in the 
reference frame of the hip, knee and ankle JCSs. For each JCS, the sagittal axis 
was defined as the medio-lateral axis of the proximal segment; the transverse 
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axis as the longitudinal axis of the distal segment; and the frontal axis as the 
cross product of the sagittal and transverse axes.[318] Normalisation of joint 
moment data has been highlighted as a key step when comparisons are being 
made across individuals of different masses and heights.[324, 325] To ensure 
appropriate comparisons could be made across participants, joint moments 
were normalised by dividing the total joint moment (Nm) by the product of 
the participant’s weight and height (kgm). Joint moments within this thesis 
represent the external loads applied at each joint. For example, knee abduction 
moments refer to an external load that moves the knee into an abducted 
position. Positive values represented hip extension, abduction, and external 
rotation; knee flexion, abduction, and external rotation; and ankle 
plantarflexion, eversion, and external rotation moments. Negative values 
represented hip flexion, adduction, and internal rotation; knee extension, 
adduction, and internal rotation; and ankle dorsiflexion, inversion, and 
internal rotation moments. 
3.4.2.3.1 Principal Component Analysis (PCA) 
Principal component analysis (PCA) is often applied as a means for data 
reduction.[326] The main purpose of PCA is to summarise the key information 
in the data, and represent the observations/variables simultaneously in a 
limited number of principal components.[326] Mathematically, PCA consists of 
an orthogonal transformation, converting n variables (ܺ ൌ ݔଵǡ ݔଶǡ ǥݔ௡) into n 
principal components (ܼ ൌ ݖଵǡ ݖଶǡ ǥݖ௡).[326] The principal components are 
arranged in decreasing order of the variance in the data they explain, where 
the initial principal components explain the largest variations in the data.[326] 
The number of components retained is often guided by this magnitude of 
variance, where the principal components that sum to explain a 
predetermined percentage are retained. Cut-off points of 85-100% of variance 
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explained have been used within biomechanical research.[327-334] The principal 
component model also contains principal component loading vectors (ܷ ൌ
ݑଵǡ ݑଶǡ ǥݑ௡), which are the eigenvectors of the covariance matrix of ܺ.[326]  
The use of PCA in biomechanical studies as a means to identify patterns in 
continuous kinematic and kinetic data has increased in popularity over recent 
years.[250, 326, 328, 329, 331, 332, 335] PCA has been used to identify neuromuscular and 
biomechanical differences between sexes during high-risk cutting 
manoeuvres.[250, 328, 329, 336] However, outside of these studies there has been 
minimal use of this technique for processing biomechanical data within the 
context of ACL injury risk and prevention. When applied to continuous data 
(i.e. kinematic and kinetic waveforms), the variables (ݔ௡) refer to individual 
temporal data points of the waveform.[326] PCA is applied to a p x n matrix, 
where p (rows) equals the number of trials/subjects and n (columns) the 
number of data points. The principal component loading vectors (ݑ௡) are an 
orthogonal basis set for the waveform data, and each principal component 
represents specific features of the waveform data.[326] Each individual 
waveform is allocated a score for the extracted principal components (ݖ௡), with 
this score measuring the degree to which the shape of a given waveform 
corresponds to the equivalent principal component.[326] The extracted principal 
components, often labelled as ‘principal patterns,’[276, 327] must be interpreted to 
identify the feature of the waveform the pattern describes. Interpretation of 
principal patterns obtained from waveform data is often accomplished by 
examining the shape of the loading vector (ݑ௡), and the individual waveforms 
that correspond to high and low principal pattern scores.[326, 327, 337] The principal 
pattern can also be interpreted by examining the waveforms obtained by 
adding and subtracting a suitable multiple of the components loading vectors 
(ݑ௡) to the mean of the relevant waveform.[333] 
Methodology 
 
76 
Using functional data analysis methods, such as PCA, to analyse 
biomechanical data in a continuous fashion has multiple benefits over discrete 
point analysis techniques. Overall, using a discrete point style of analysis can 
often discard the majority of data in a waveform.[338] PCA views the entire 
waveform as a function, preserving the main features and patterns of the 
curve.[333] Using discrete point methods also involves the pre-selection of 
features thought to make up the important components of a given 
waveform.[338] This pre-selection process is strongly dependent on previous 
knowledge or research within the area, and has the potential to discard 
important information contained within the waveform.[333, 338, 339] In addition, 
examining discrete points does not always take into account the timing of the 
points of interest.[338] For example; the amplitude of a peak joint angle across 
two trials may be identical, however this peak may occur with substantially 
different timing. Simply comparing the peaks between these two trials may 
result in inaccurate conclusions being drawn from the data. Lastly, using 
discrete point analysis does not allow for the examination of features that 
occur over a specific duration of time.[338] Specific phases may hold key 
information regarding the pattern of the waveform, with these phases unable 
to be captured using a discrete time point approach.[338] 
3.4.3 Video Footage 
3.4.3.1 Video Data Collection 
Two commercial digital video cameras (Mini DV MD225, Canon, Macquarie 
Park, Sydney, Australia) recording at 30 frames per second were used to 
capture frontal and sagittal plane views of the movement tasks performed 
during laboratory testing sessions. Both the frontal and sagittal cameras were 
initially positioned 3.54 metres from the landing area. For the most part, this 
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distance ensured the full body of participants could be viewed throughout all 
movement tasks. However, if the entire body of the participant could not be 
viewed, cameras were repositioned to a point where this was achieved. The 
sagittal plane video camera was always placed on the side that could view the 
participant’s predetermined ‘landing limb.’ The main purpose of video data 
was to complete the screening protocols for the Landing Error Scoring System 
and Tuck Jump Assessment, as these methods required visual observation of 
the drop vertical jump and tuck jump tasks, respectively. Video footage was 
also used to ensure the criteria for successful trials were met across movement 
tasks. 
3.4.4 Approach Speed 
Approach speed is important to consider when examining sporting 
movements that incorporate a run-up approach. It is particularly pertinent to 
do so for the netball-specific landing task examined within this thesis, as 
previous work has shown approach speed variations can influence GRF 
magnitudes during this task.[340] Studies examining sporting manoeuvres with 
a run-up approach often limit trials to a specific approach speed range.[131, 134, 
138, 250, 309, 341] However, it is important to initially consider approach speed as a 
continuous variable in order to examine its potential effect on lower limb 
biomechanics. The procedures used to measure approach speed during testing 
sessions, and the means with which approach speed was assessed and 
accounted for within subsequent chapters of this thesis are outlined in the 
following sections. 
3.4.4.1 Approach Speed Data Collection 
Approach speed was measured during the netball-specific landing task using 
photoelectric timing gates (SpeedLight, Swift Performance Equipment, Carole 
Methodology 
 
78 
Park, Queensland, Australia). Timing gates were placed at one metre intervals 
to monitor speed over the three metres prior to the landing (see Figure 3.3, 
Page 39). Approach speed was calculated as the average speed over this 
distance.  
3.4.4.2 Approach Speed Data Analysis 
The 20 successful landing trials from all participants who underwent 
laboratory testing were used for approach speed analysis. As not all 
participants completed both testing sessions, data from the baseline session 
was used. Previous work has shown that approach speed can have a 
modulating effect on biomechanical measures during netball-specific 
landing.[340] Subsequently, the effect of approach speed on hip and knee joint 
rotations and moments was examined. One-dimensional statistical parametric 
mapping (SPM1D) canonical correlations analysis and linear regression were 
used to examine whether changes in approach speed influenced hip and knee 
joint rotations and moments (see Section 3.5.2 within this chapter for a 
description of SPM1D procedures). Approach speed was found to have a 
statistically significant effect along the majority of hip and knee kinematic and 
kinetic waveforms (see Appendix F, Page 391 for full results). Based on these 
results, efforts were made to counteract the potentially confounding influence 
of approach speed. First; only trials that fell within a 3.5 – 5.5 m·s-1 range were 
utilised for analysis. This range was chosen as studies examining the netball-
specific landing task used within this thesis have reported approach speed 
values that fall within these ranges.[245, 254] Second; where comparisons of 
kinematic and kinetic data were made between groups (i.e. Chapters Four, 
Five and Six), approach speeds were initially compared across these groups to 
determine whether differences in speed may have influenced the conclusions 
drawn from these group comparisons. 
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3.5 Statistical Analysis 
In addition to the analytical methods outlined in the previous sections, a 
number of statistical methods were used across the studies within this thesis. 
This section details the statistical methods used and considerations in 
applying these methods to neuromuscular and biomechanical data. The 
specific application of statistical analysis methods are detailed in their relevant 
chapters.  
3.5.1 Cluster Analysis 
Statistical analyses within neuromuscular and biomechanical research are 
generally performed using group-based designs (e.g. males vs. females; trials 
from one task vs. trials from another task).[342] In single-group designs, it is 
often assumed that movement strategies are similar across cohorts.[343] 
However, neuromuscular and biomechanical strategies differ across 
individuals,[342] and the intra-individual variability observed in 
neuromuscular and biomechanical measures during athletic tasks[344-347] 
suggests the same individual may employ a number of different strategies. 
Drawing conclusions from a single-group design without accounting for 
variations in neuromuscular or biomechanical strategies, particularly those at 
the individual level may mask important factors relating to the different 
strategies used. An alternative to single-group analysis is sub-group analysis, 
which classifies similar movement strategies based on patterns (e.g. EMG or 
kinematic waveform patterns) into sub-groups or clusters.[348] An optimal 
clustering of trials or individuals maximises the ability to identify outcomes 
stemming from the differing strategies utilised within a single-cohort 
design.[348] A sub-group approach may elicit more relevant outcomes when, for 
Methodology 
 
80 
example, examining the neuromuscular contributions to lower limb 
biomechanics during high-risk sporting tasks. 
Cluster analysis is a statistical method for identifying homogenous cases and 
grouping these into clusters. Cases within clusters are closely related and share 
many characteristics, while also being dissimilar to cases belonging to other 
clusters.[343] Cluster analysis has been used to examine movement strategies 
employed during human gait,[331, 349-352] as well as in identifying muscle 
activation strategies and their subsequent effect on biomechanical 
outcomes.[353, 354] A number of different clustering algorithms exist, with these 
algorithms varying in their purpose, strengths and weaknesses.  Different 
clustering approaches were employed for analyses within this thesis. The 
determination of the clustering approach was based on the aims of the study, 
as well as the strengths and weaknesses of the clustering algorithms. The 
following section details the strengths and weaknesses, and considerations of 
use for the clustering algorithms used. 
3.5.1.1 Density-Based Spatial Clustering (DBSCAN) 
Density-based spatial clustering of applications with noise (DBSCAN) is a 
clustering algorithm that groups data points that are close together (i.e. points 
with many neighbours in high density regions), while marking data points 
that lie in low-density regions as outliers (i.e. anomalies). The DBSCAN 
algorithm requires three input parameters, those being: the data being 
clustered; Epsilon (ε; the distance radius required for two points to be 
considered neighbours) and the minimum number of points reachable by a 
data point (minPts) using the distance ε for it to be considered part of a 
cluster.[355] The latter two of these parameters must be determined based on the 
input data and aims of the clustering. The minimum number of points 
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reachable by a data point for it to be considered part of a cluster (i.e. minPts) 
can be chosen based on the goals of the analysis. For example, isolated data 
points with no reachable neighbours could be considered as outliers or 
anomalies. In this case, the minPts parameter would be set to one and data 
points would not be considered as outliers or anomalies if they had at least 
one neighbouring data point. Analytical approaches can be used to calculate 
the ε parameter. Daszykowski et al.[355] and Karami and Johansson[356] present 
an equation that can be used to calculate ε based on the minPts parameter and 
input data used for clustering. Utilising this analytical approach ensures an 
objective ε parameter is chosen specific to the data being clustered.  
The DBSCAN algorithm assesses each point in a dataset using these 
parameters, with data points allocated to clusters when they are within a 
distance of ε to the minPts (see Figure 3.22, Page 82).[355] If a point does not 
meet these conditions, it is labelled as an outlier.[355, 357] This is the main strength 
of clustering using the DBSCAN algorithm. Other clustering approaches are 
sensitive to outliers and include these data points within clusters.[343] As the 
aim of study one (i.e. Chapter Four) was to identify anomalies in participant 
data, the DBSCAN approach was considered appropriate for this study. The 
specific application of the DBSCAN algorithm to this data is outlined in the 
relevant chapter. 
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Figure 3.22 Illustration of the DBSCAN cluster analysis algorithm using a 
minimum points value of one. The radius of the large circles 
represent Epsilon (i.e. the distance radius required for two 
points to be considered neighbours). The green and blue 
points, respectively, are within this distance to the number of 
minimum points required and hence form clusters. The grey 
point is not within this distance to any points and is thus 
considered an outlier. 
3.5.1.2 Latent Profile Analysis (LPA) 
Latent profile analysis (LPA) is a multivariate, model-based clustering 
technique using a general approach of finite mixture modelling.[358] Model-
based clustering techniques assign data points to clusters based on their fit to 
a given mathematical model, with the most common used being a Gaussian 
mixture model.[343] The Gaussian clustering model is based on the assumption 
that the distribution from the examined data is generated by multiple 
probability distributions,[343, 359] with the clustering algorithm aiming to detect 
these underlying distributions. In a neuromechanical context, the idea of 
Gaussian mixture modelling is that different neuromuscular or biomechanical 
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strategies can be represented by a specific probability distribution, among the 
overall probability distribution of the data.[343, 359] Hence, neuromuscular or 
biomechanical strategies can be presented as a cluster with its own probability 
distribution.[343] Maximum likelihood estimation, employing the Expectation-
Maximisation algorithm,[359] is the most popular and common method for 
identifying these underlying probability distributions. The Expectation-
Maximisation algorithm starts by generating n random probability 
distributions, and subsequently calculates the probability of membership for 
each data point to one of the n estimated probability distributions.[343] The 
calculated probability of membership is used to update (or re-estimate) the 
mean and standard deviation of the generated n probability distributions.[343] 
This process is repeated until the mean and standard deviation of the 
probability distributions converge,[359] with this being the final clustering 
solution. 
Determining the optimal number of clusters or profiles is an important step 
when employing LPA. A common approach is to fit models with a different 
number of components (i.e. clusters or profiles) to the data, and evaluate the 
fit of each model using evaluation criterion.[360] The Akaike (AIC) and Bayesian 
(BIC) information criterion are the most commonly used indices for model 
evaluation.[358, 360] The AIC and BIC compare the fit of a range of statistical 
models to data based on maximum likelihood estimates.[360] Lower AIC and 
BIC values indicate a better fit, therefore the optimal number of model 
components can be determined by finding the minimum AIC and BIC 
values.[358, 360] The ability to utilise these information criterion as a measure of 
model fit and accurately estimate the number of clusters within the data is a 
key strength of LPA and model-based clustering.[360] The aim of study two (i.e. 
Chapter Five) was to cluster landing trials into sub-groups based on the 
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muscle activation profiles employed. No previous studies have examined 
muscle activation profiles in this manner, therefore no direction as to the 
number of profiles to expect or extract was available. The ability to use 
objective metrics to quantify the number of profiles to be extracted from the 
data was a key reason for LPA being considered appropriate for this study. 
Further, LPA was recently used to identify biomechanical profiles used by 
athletes during a side-step cutting manoeuvre.[358] The specific application of 
the LPA algorithm is outlined in the relevant chapter. 
3.5.2 One-Dimensional Statistical Parametric Mapping (SPM1D) 
One-dimensional statistical parametric mapping (SPM1D) is a statistical 
technique designed specifically for continuous field analysis.[361] Within 
biomechanical research, EMG and kinematic/kinetic data are often manifested 
as one-dimensional (1D) scalar trajectories (i.e. continuous waveforms) in the 
form of ݕሺݐሻ; where ݕ represents a particular muscle’s activation level or a 
given joint rotation/moment, and ݐ represents 1D time or space.[362] However, 
these data are often examined discretely by extracting summary metrics from 
specific points or regions of the waveform (e.g. peak muscle activation, peak 
joint angles).[361] As these discrete measures only encapsulate a small portion 
of the waveform, this regional focus bias can result in important information 
relating to other points in the data to be missed. SPM1D is designed 
specifically for non-directed hypothesis testing of continuous scalar 
trajectories, and can partially offset the limitations of discrete point analyses 
by providing a framework for the continuous statistical analysis of waveform 
data.[361, 363] Another potential source of bias that can be overcome by SPM1D is 
covariance among the components being examined.[362] Separate analysis of 
individual vector components (e.g. sagittal, frontal and transverse plane joint 
rotations in isolation) assumes independence between the components, which 
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may be unjustified in particular instances.[362] For example, joint rotations are 
unlikely to be independent as muscle lines of action are generally not parallel 
to defined joint axes.[362] This inter-component covariance bias can be 
overcome by using SPM1D to examine data as a multi-component vector-
field.[362] SPM1D has been highlighted as a superior technique for non-directed 
biomechanical hypothesis testing by overcoming the potential regional focus 
and inter-component covariance biases associated with a priori selection of 
specific points within a waveform.[362] Recent studies have utilised SPM1D to 
identify variations in landing strategies between sub-groups.[364, 365] SPM1D has 
also been used to identify movement strategies that predict high-risk knee 
joint moments during an unplanned side-step cutting manoeuvre.[366] 
SPM1D results in the calculation of an SPM statistic, a continuous scalar 
trajectory represented as a function of time.[361, 362, 367] It is worth noting that 
‘SPM1D’ refers to the overall methodological approach, while the SPM statistic 
refers to the calculated scalar trajectory variable.[367] The scalar trajectory 
indicates the magnitude of difference or relationship between the waveforms 
of interest.[367] Random field theory[368] is used to assess the field-wide 
significance of an SPM statistic.[361] To accept or reject the null hypothesis, a 
critical threshold at which only ܽΨ (e.g. 5% for an alpha level of 0.05) of 
smooth random curves would be expected to traverse is calculated.[367] 
Calculation of this critical threshold is based upon estimates of trajectory 
smoothness via temporal gradients, and based on this smoothness, random 
field theory expectations regarding the field-wide maximum.[361, 363, 367, 368] As 
with traditional hypotheses tests, SPM1D produces type I error at a rate of 
alpha,[367] thus the critical threshold level must be corrected when multiple 
comparisons are made. While SPM1D does not prevent type I error, it does 
tightly control its rate of occurrence.[367] Statistical significance, and thus 
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rejection of the null hypothesis, is specified by the SPM statistic exceeding the 
calculated critical threshold.[367] Multiple adjacent points of the curve often 
exceed the critical threshold, with these areas termed as ‘supra-threshold 
clusters.’[367] Cluster specific p-values can then be calculated using random 
field theory expectations regarding supra-threshold cluster size (see Figure 
3.23).[367, 368] 
 
Figure 3.23 Examples of SPM curves where: A) both the upper and lower 
critical thresholds have been exceeded, resulting in two supra-
threshold clusters; B) only the upper critical threshold has 
been exceeded, resulting in one supra-threshold cluster; and C) 
neither the upper or lower critical thresholds have been 
exceeded, resulting in no supra-threshold clusters and 
signifying acceptance of the null hypothesis. Reproduced with 
permission from Pataky et al.[362] 
SPM1D supports both parametric and nonparametric hypothesis testing,[362, 363] 
and can be applied to test both difference (e.g. detecting differences between 
two waveforms) and relationship (e.g. examining the relationship between a 
predictor variable and a continuous waveform) directed hypotheses.[361, 362] 
SPM1D has equivalents to the majority of traditional hypothesis tests used 
within biomechanical research; including univariate and multivariate t-tests, 
linear regression, analysis of variance (ANOVA), and multivariate analysis of 
variance (MANOVA). For univariate (i.e. single-field) SPM1D tests, the 1D 
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scalar trajectory (e.g. frontal plane knee moment) is used as the input for the 
relevant test. Multivariate (i.e. vector-field) SPM1D tests combine the 1D scalar 
trajectories of interest to form the multi-component vector-field.[362] For 
example, sagittal (MX), frontal (MY) and transverse (MZ) plane knee moment 
vectors are combined to represent the knee moment vector-field MXYZ.[366] 
The outputs obtained and interpretation of results is similar across tests. Each 
test outputs a continuous scalar trajectory that lie directly in the original 1D 
sampled continua.[361] Statistical significance is identified as per the methods 
discussed above; where a critical threshold based on a specified alpha level is 
calculated, and where the scalar trajectory exceeds this threshold (i.e. supra-
threshold clusters) the null hypothesis is rejected.[361, 362, 367, 369] The choice of 
SPM1D statistical test, like with traditional hypotheses testing, is based on the 
nature of the hypothesis being examined. Where the aim is to examine 
differences between two waveforms, the single- or vector-field SPM1D 
equivalent of a t-test (paired or two-sample) can be conducted. Supra-
threshold clusters resulting from this test indicate a statistically significant 
difference between the two waveforms being tested at the points along the 1D 
continua where these clusters lie.[361, 362, 367] SPM1D linear regression or 
canonical correlations analysis (CCA) can be used to determine the strength of 
the relationship between a discrete variable at specific points along a 
continuous 1D or vector-field trajectory, respectively.[362, 366, 370] In this case; a 
statistically significant increase in the waveform is predicted by an increase or 
decrease in the discrete variable where the SPM statistic exceeds the upper or 
lower critical thresholds, respectively, along the 1D continua. A key advantage 
of SPM1D is the ease of which statistical outputs can be interpreted. The SPM 
statistic lies directly in the original 1D sampled continua, meaning it is the 
same length as the original waveforms and is represented on an identical time-
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scale.[361] This allows investigators to easily identify where differences or 
relationships lie along the waveforms by examining the supra-threshold 
clusters against the originally sampled time-scale.  
It is important to acknowledge the limitations associated with SPM1D post-
hoc analyses. Post-hoc analyses of waveform pairs assumes the post-hoc tests 
are independent, which is usually not the case, and also involves separate 
smoothness assessments for each test.[371] Limitations also exist for post-hoc 
analyses of multivariate SPM1D tests. Where a statistically significant result is 
found from a vector-field test, post-hoc analysis of the individual vector 
components can be undertaken using single-field SPM1D tests.[362, 371] This 
approach may indicate which vector components contribute to the statistically 
significant result, however it neglects the inter-component covariance between 
vectors.[371] While the resulting errors associated with these limitations are 
expected to be small,[371] interpretation of post-hoc results from individual 
waveform pairs and vector components should be made with caution. 
Although these limitations exist, the advantages and recent work highlighting 
the applicability of SPM1D in examining biomechanical research 
hypotheses[361, 362, 364, 366, 367, 370] highlights this method as a useful tool for the 
analysis of complex neuromuscular and biomechanical datasets.[362] 
 
  
89 
Chapter Four: Intra-Individual Anomalies in 
Muscle Activation during a Landing Task 
 
4.1 Introduction 
A perplexing factor associated with noncontact anterior cruciate ligament 
(ACL) injuries is the ‘one-off’ nature in which they occur, where injuries are 
often sustained during sporting tasks athletes have replicated safely countless 
times.[46] The manner with which these injuries occur suggests a random, 
multifaceted intrinsic dysfunction may play a role in injury events. Injuries to 
the ACL occur when forces applied to the ligament are greater than the loads 
it can withstand.[158] An athlete’s biomechanical technique during high-risk 
sporting tasks directly influence the external loads applied to the lower 
limb.[149, 164, 304, 372] Subsequently, the musculature surrounding the hip and knee 
must act to stabilise the knee joint and provide support against these external 
loads,[170-172] minimising the forces applied to soft tissue structures (e.g. the 
ACL). ACL injuries likely occur when there is a mismatch between external 
loading and muscular support. Therefore, both biomechanical technique and 
activation profiles of lower limb muscles are vital in protecting the ACL 
during high-risk sporting tasks. Despite both biomechanical and 
neuromuscular factors playing a role in the ACL injury events, this study 
focuses on the potential neuromuscular aspect of this dysfunction. 
Given the high frequency with which high-risk tasks are performed within 
competitive sporting environments,[156, 157] the muscles of the lower limb must 
repeatedly function in an appropriate manner during these tasks to prevent 
ACL injuries from occurring. Research has shown inter-trial variability in 
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muscle activation characteristics across a range of tasks.[48-50, 254] This suggests 
that a number of muscle activation profiles may be utilised during the 
performance of a given movement. Previous studies have identified 
neuromuscular risk factors for ACL injury by linking characteristics from an 
individual’s mean muscle activation profile to future ACL injuries or lower 
limb biomechanics known to increase ACL loads.[131, 174, 177, 178, 186-191] These 
approaches fail to acknowledge the inherent variability present in the 
neuromuscular system and the potential relationship of this to the ‘one-off’ 
nature in which noncontact ACL injuries occur. It is conceivable that a random 
intrinsic dysfunction within the neuromuscular system is the inciting event for 
these ‘one-off’ injury occurrences. Deviations from an individual’s usual or 
‘normal’ muscle activation profile (i.e. intra-individual neuromuscular 
anomalies) during high-risk sporting tasks may embody this dysfunction, and 
could induce changes in lower limb biomechanics that place the ACL at 
greater risk of injury. The concept of neuromuscular ‘anomalies’ and their 
impact on lower limb biomechanics and ACL injury risk is yet to be examined. 
No studies have determined whether intra-individual anomalies in muscle 
activation profiles occur during repeat performance of a high-risk sporting 
task, and if so, how these anomalies impact on lower limb biomechanics 
associated with increased ACL loading and injury risk. 
The purpose of this study was to determine whether intra-individual 
anomalies in muscle activation profiles occurred during repeat performance 
of a high-risk landing task, and if so, whether these neuromuscular anomalies 
influenced lower limb biomechanics. It was hypothesised that intra-individual 
anomalies in muscle activation profiles would occur, and that anomalous 
activation profiles would result in lower limb biomechanics consistent with 
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increased ACL loads or injury risk when compared to the remaining typical 
(i.e. ‘normal’) trials. 
4.2 Methodology 
The majority of the methods employed in this study are comprehensively 
outlined in Chapter Three. The following methods are an abridged version of 
the sections specific to this chapter. 
4.2.1 Participants 
Thirty-two healthy sub-elite female netball players (age = 23.1 ± 3.0 years; 
height = 171.4 ± 7.8 cm; mass = 67.8 ± 8.2 kg; netball experience = 12.45 ± 4.54 
years) volunteered and provided written consent to participate in this study. 
All participants met the inclusion/exclusion criteria detailed in Section 3.2 of 
Chapter Three. 
4.2.2 Experimental Procedures 
Data from the netball-specific landing task (i.e. the leap landing) as described 
in Section 3.3.1 of Chapter Three, performed during testing session one (i.e. 
baseline) were used within this study. Participants performed 20 successful 
trials of the leap landing on a predetermined ‘landing limb.’ The landing limb 
was determined by asking participants which limb they would be more 
comfortable landing on when catching a pass during a game. Further to this, 
players were given an opportunity to trial landing on each limb to identify 
which they were more comfortable landing on. Each landing trial was initiated 
by breaking and accelerating from a static defender (model skeleton) from a 
position six-metres from the landing area, followed by a run-up and leap 
landing whilst catching a pass (see Figure 4.1, Page 92). Trials were repeated 
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until the 20 successful trials were recorded. Participants were allocated 60-90 
seconds rest between trials in an effort to minimise fatigue.[134, 255] 
Electromyography, kinematic and kinetic data collected from the participants 
‘landing limb’ during all landing trials were used within this study. 
 
Figure 4.1 Sagittal view of the leap landing task. 
4.2.3 Data Collection and Analysis 
Electromyography (EMG), kinematic and kinetic data from the leap landing 
task were collected and analysed as per the procedures outlined in Section 
3.4.1 and 3.4.2, respectively, of Chapter Three. Briefly, surface EMG data were 
collected unilaterally from eight lower limb muscles (gluteus maximus 
[GMAX], gluteus medius [GMED], medial hamstrings [MHAM], lateral 
hamstrings [LHAM], rectus femoris [RF], vastus lateralis [VL], vastus medialis 
[VM], and lateral gastrocnemius [GAS]) on the participants’ ‘landing limb’ 
using wireless parallel-bar electrodes (Delsys Trigno, Delsys Incorporation, 
Boston, MA, United States). All EMG data were processed using custom 
MATLAB (version R2014a) (The Mathworks Incorporated, Natick, MA, 
United States) programs. Raw EMG signals were online processed using a 
bandpass filter between 10 and 500 Hz, and later offline processed using a 20 
Hz high-pass fourth-order zero-lag Butterworth digital filter to reduce the 
effects of movement artefact; full-wave rectified; and converted to a linear 
envelope via a 6 Hz low-pass fourth-order zero-lag Butterworth digital filter. 
The EMG data was then amplitude normalised (% MVC) to the larger of the 
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peak value recorded during maximal voluntary isometric contractions or the 
peak EMG activity during landing trials.[282, 288] EMG data were extracted from 
150 ms prior through to 300 ms post initial contact (IC) across all landing trials 
for subsequent analyses. This window was chosen as previous research 
examining a similar single-limb catch and land task has shown lower limb 
muscle onsets occur up to 150 ms prior to landing and remain active for a 
period of up to 380 ms.[54] 
This study used muscle synergies to represent muscle activation profiles 
during the leap landing task. The extracted EMG data were factorised by 
applying a non-negative matrix factorisation (NMF) algorithm[298] (as outlined 
in Section 3.4.1.3.1 of Chapter Three) to obtain the muscle synergy 
components, those being the time-variant muscle activation coefficients and 
time-invariant muscle weighing coefficients. The NMF algorithm was iterated 
by varying the number of synergies between one and six, with the number of 
synergies that resulted in greater than 90% mean total variance accounted for 
(ܸܣܨ) between experimental and reconstructed EMG data retained. ܸܣܨ was 
also calculated across individual muscles (ܸܣܨ௠௨௦௖௟௘) to ensure patterns were 
accounted for by the retained synergies (i.e. ܸܣܨ௠௨௦௖௟௘ > 75%).[48] Following 
factorisation, the muscle activation coefficients were normalised to their 
maximum value (i.e. each activation coefficient had a maximum value of 1), 
with the muscle weighing coefficients within each of the muscle synergies 
scaled by the same respective factor.[49, 294] 
Three-dimensional (3D) kinematics and kinetics of the lower limb were 
computed using an established musculoskeletal model.[305, 310] An eight camera 
3D motion capture system (Vicon, Oxford Metrics Limited, Oxford, United 
Kingdom) sampling at 250 Hz, synchronised with a 600 x 900 millimetre in 
ground force plate (Advanced Medical Technology Incorporated, Watertown, 
Neuromuscular Anomalies during Landing 
 
94 
MA, United States) sampling at 1000 Hz collected marker trajectory and 
ground reaction force (GRF) data. Marker trajectory and GRF data were low-
pass filtered using a cubic smoothing spline with a cut-off frequency of 12 Hz. 
Three-dimensional hip and knee joint rotations were calculated from filtered 
marker trajectory data using an X-Y-Z Cardan angles sequence; with the X, Y 
and Z axes representing joint rotations in the sagittal, frontal and transverse 
planes, respectively.[138] Kinematic data were expressed relative to each 
participant’s stationary (neutral) trial.[56, 310, 311] Three-dimensional hip and knee 
external joint moments were calculated by submitting the filtered marker 
trajectory and GRF data to a conventional inverse dynamics analysis.[261] Joint 
moments were expressed in the reference frames of the joint coordinate 
systems and were normalised by dividing the total joint moment (Nm) by the 
product of the participant’s weight and height (kgm). Joint rotation and 
moment data were extracted from the instance of IC to 150 ms post IC across 
all landing trials. This time window was chosen for biomechanical variables 
as ACL injuries are thought to occur within the early deceleration phase of 
landing.[161] 
4.2.4 Statistical Analysis 
The muscle weighing coefficients of all muscle synergies from each 
participants’ 20 leap landing trials were extracted into separate matrices for 
further analyses. A density-based spatial clustering of applications with noise 
(DBSCAN) algorithm (as outlined in Section 3.5.1.1 of Chapter Three)[357] was 
applied to each participants’ data to identify trials that employed their typical 
or usual (hereby referred to as  ‘normal’) muscle activation profile(s), while 
also identifying where outlier trials (i.e. intra-individual anomalies in muscle 
activation profiles) were present. The DBSCAN algorithm grouped data points 
that were close together (i.e. points with many neighbours in high-density 
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regions), while also marking data points that lied in low-density regions as 
outliers (i.e. anomalies).[355, 357] Prior to clustering, the muscle weighing 
coefficient values of each participant were normalised to their correlation 
matrix, as this can result in better classification of waveform data when using 
partitional classification techniques.[348] The correlation matrix was created by 
calculating the Pearson’s r value for the extracted muscle weighing 
coefficients, quantifying the relationship between individual landing trials. 
The correlation matrix was subsequently used as the input data for the 
DBSCAN algorithm. The additional parameters for the DBSCAN algorithm, 
Epsilon (ε) and the minimum number of points reachable by a data point 
(minPts) for it to be considered part of a cluster were determined using 
established procedures.[355-357] The individual muscle weighing coefficient 
correlation matrices from each participant were used as the data inputs in the 
equation presented by Daszykowski et al.[355] and Karami and Johansson[356], 
resulting in participant-specific ε parameters being calculated. This study 
considered isolated data points with no reachable neighbours as anomalies, 
therefore the minPts was set at one across all participants. Trials partitioned to 
clusters were considered to represent a participant’s selective ‘normal’ muscle 
activation profile or profiles, while trials labelled as outliers were deemed as 
intra-individual anomalies in muscle activation. 
Trials considered as ‘normal’ and anomalous were grouped, exported and 
further analysed via open source code[369, 371] in Python 2.7 using Canopy 1.5 
(Enthought Incorporated, Austin, TX, United States). One-dimensional 
statistical parametric mapping (SPM1D) was used to compare mean hip and 
knee joint angles and moments between ‘normal’ and anomalous trials. A 
hierarchical process was used to identify multi- and single-planar differences 
in lower limb biomechanics between ‘normal’ and anomalous trials. The mean 
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hip and knee joint rotation (RXYZ) and joint moment (MXYZ) vector-fields were 
compared between groups using a SPM1D paired Hotelling’s T2 test. Post-hoc 
comparisons of the joint rotation (RXY, RXZ, RYZ) and moment (MXY, MXZ, MYZ) 
couples using paired Hotelling’s T2 tests and individual joint rotation (RX, RY, 
RZ) and moment (MX, MY, MZ) components using paired t-tests  between 
groups were also conducted. As a paired statistical design was used to 
compare ‘normal’ vs. ‘anomalous’ trials, participants who did not exhibit any 
anomalous trials were excluded from these analyses. To retain a Type I family-
wise error rate of alpha = 0.05, a corrected threshold based on the number of 
vector components (i.e. joints = 2, planes = 3) was calculated,[362] resulting in a 
corrected alpha level of 0.0083. Subsequently, for each SPM statistic a critical 
threshold was calculated at the corrected alpha level to determine where 
statistically significant differences were present. A statistically significant 
difference was identified where the SPM statistical curve exceeded this critical 
threshold. Based on the corrected alpha level, a supra-threshold cluster 
indicated that the same result would be produced by random curves in only 
0.83% of repeated tests. The subsequent probabilities (i.e. p-values) with which 
supra-threshold regions of the SPM statistical curve could have resulted from 
repeated samplings of equally smooth random curves were then calculated. 
4.3 Results 
Using the criteria previously described in Chapter Three (i.e. overall ܸܣܨ > 
90% and ܸܣܨ௠௨௦௖௟௘ > 75%), three muscle synergies were retained from the 
extracted EMG data (see Figure 4.2, Page 97). Inspection of the activation 
coefficients associated with each muscle synergy (see Figure 4.3, Page 98) 
indicated that the first synergy captured muscle activation around initial 
contact (i.e. at landing), the second captured muscle activation after initial 
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contact (i.e. post landing), and the third captured muscle activation prior to 
initial contact (i.e. preparatory activity). 
A. 
 
 
B. 
 
 
Figure 4.2  A) Mean total variance accounted for (ࢂ࡭ࡲ) relative to the 
number of extracted muscle synergies. B) ࢂ࡭ࡲ࢓࢛࢙ࢉ࢒ࢋ relative to 
the number of extracted muscle synergies. GMAX – gluteus 
maximus; GMED – gluteus medius; MHAM – medial 
hamstrings; LHAM – lateral hamstrings; RF – rectus femoris; 
VL – vastus medialis; GAS – gastrocnemius. 
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Figure 4.3  Normalised activation coefficients of the three muscle 
synergies extracted from the factorisation of EMG data. 
Dashed vertical line represents initial landing contact (IC). 
 
The DBSCAN algorithm identified trials with anomalous muscle activation 
profiles in the majority of participants (27 out of 32). Specifically; six 
participants recorded one anomalous trial, 17 participants recorded two 
anomalous trials, and four participants recorded three anomalous trials (see 
Table 4.1, Page 99). This resulted in 52 anomalous from 640 total trials (8.1%). 
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Table 4.1  Summary of the number of 'normal' and anomalous trials 
across individual participants. Gray shading indicates 
participants exhibiting no anomalous trials. 
Participant (P)  ‘Normal’ Trials (No. of Profiles Identified) Anomalous Trials 
P1 18 (2) 2 
P2 18 (2) 2 
P3 17 (1) 3 
P4 19 (2) 1 
P5 18 (1) 2 
P6 18 (1) 2 
P7 19 (2) 1 
P8 18 (1) 2 
P9 18 (1) 2 
P10 19 (1) 1 
P11 19 (2) 1 
P12 18 (1) 2 
P13 17 (1) 3 
P14 18 (1) 2 
P15 17 (1) 3 
P16 17 (1) 3 
P17 18 (1) 2 
P18 18 (1) 2 
P19 20 (2) 0 
P20 18 (1) 2 
P21 18 (2) 2 
P22 18 (1) 2 
P23 18 (1) 2 
P24 18 (2) 2 
P25 20 (1) 0 
P26 18 (1) 2 
P27 20 (3) 0 
P28 19 (1) 1 
P29 20 (2) 0 
P30 19 (1) 1 
P31 20 (2) 0 
P32 18 (2) 2 
TOTAL 588 52 
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Due to the influence of approach speed on landing biomechanics (see 
Appendix F, Page 391), approach speeds between the ‘normal’ and 
‘anomalous’ trial groupings were compared (see Figure 4.4). An independent 
sample t-test found no statistically significant difference for approach speed 
between groups (p > 0.05), therefore it was concluded that any differences in 
landing biomechanics between groups was not due to differences in approach 
speed. 
 
Figure 4.4  Mean and standard deviation of approach speeds across 
'normal' and anomalous trials. 
No statistically significant differences between ‘normal’ and ‘anomalous’ trials 
where identified via SPM1D for any of the joint rotation (see Figure 4.5, Page 
101) or joint moment (see Figure 4.6, Page 102) vector-field combinations or 
individual vector components. 
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Figure 4.5 Mean hip and knee joint rotations of ‘normal’ and anomalous 
trials from initial contact (IC) to 150 ms post IC during the leap 
landing task. FLEX – flexion; EXT – extension; ADD – 
adduction; ABD – abduction; IR – internal rotation; ER – 
external rotation. 
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Figure 4.6 Mean hip and knee joint moments of ‘normal’ and anomalous 
trials from initial contact (IC) to 150 ms post IC during the leap 
landing task. Mom. – moment; EXT – extension; FLEX – 
flexion; ABD – abduction; ADD – adduction; ER – external 
rotation; IR – internal rotation. 
  
Neuromuscular Anomalies during Landing 
 
103 
4.4 Discussion 
The ‘one-off’ nature in which ACL injuries occur suggests a random intrinsic 
dysfunction may play a role in injury events. Given the neuromuscular 
system’s role in protecting the lower limb from hazardous postures and loads, 
‘anomalies’ in muscle activation profiles could leave athletes susceptible to 
ACL injury. The purpose of this study was to determine whether intra-
individual anomalies in muscle activation profiles occurred during repeat 
performance of a high-risk landing task, and if so, whether these 
neuromuscular anomalies influenced lower limb biomechanics. The findings 
of this study suggest that anomalies in muscle activation can occur when 
performing repetitions of a high-risk landing task within laboratory-based 
testing, however there is no consistent effect on lower limb biomechanics 
when these occur. 
Within this study, the majority of participants (27 out of 32) demonstrated at 
least one anomalous trial across all of their landings (see Table 4.1, Page 99). 
However, the presence of these anomalies in general did not induce changes 
in lower limb biomechanics consistent with increased ACL loads or injury risk. 
No differences were observed when comparing hip and knee joint rotations 
and moments from the anomalous to the remaining ‘normal’ trials. It is well 
documented that the neuromuscular system is highly redundant, meaning a 
single movement task can be performed in many ways with a similar 
result.[49, 200, 274, 373] Variability within the neuromuscular system has been 
established across a range of movements, even when the task is kept 
consistent.[49, 50, 274] The redundancy of the neuromuscular system,[373] allowing 
multiple muscle activation solutions to be utilised for the same task may be a 
factor in why no differences were observed between ‘normal’ and ‘anomalous’ 
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trials. Contrary to the hypothesis, anomalies in muscle activation profiles may 
have the capacity to protect athletes’ from ACL injury by maintaining 
consistent task performance. Perturbations during high-risk sporting tasks 
performed within competitive environments may play an important role in 
ACL injuries.[103] Reacting to a stimulus has been frequently shown to influence 
athlete’s biomechanics.[138, 171, 193, 302, 374, 375] Side-step cutting movements have 
been associated with ACL injuries within competitive sporting 
environments.[5, 102] These injuries may occur due to excessive knee loads 
stemming from an unplanned or late decision to initiate the change of 
direction movement in response to a sudden external stimulus, such as 
another athlete or movement of the ball,[101, 247, 302] or as an instantaneous 
manoeuvre to gain a better position within the playing area.[247, 376] Sports that 
include a focus on controlling and moving the ball with the feet, such as soccer, 
may also present an obstacle in the planning of change of direction 
movements.[101] Landing movements are also often cited as the task being 
performed when ACL injuries occur.[98, 99, 103] In many team sports where ACL 
injuries are observed during landings, players may be required to pre-empt 
subsequent movements to the landing prior to completing the movement.[103] 
Noncontact ACL injuries have been observed during landings where athletes’ 
appear to alter the alignment of the trunk in preparation for subsequent 
movements.[103] Changes in trunk position during high-risk sporting tasks 
have been linked to ACL injuries[159, 377] and can increase joint moments at the 
knee that place a load on the ACL.[166, 167, 372] These varying circumstances 
experienced within competitive sporting environments may necessitate 
alterations to the muscle activation profile to keep task performance consistent 
and avoid high knee loads that could cause ACL injury. Neuromuscular 
anomalies may therefore not represent a dysfunction of the neuromuscular 
system, rather these may be required to adapt to the different external loading 
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environments presented during competitive sporting environments. As the 
landing task examined within this study was kept consistent across trials and 
did not encompass anticipatory factors found within competitive sporting 
environments, these concepts cannot be examined. A focus on unplanned 
high-risk sporting tasks with external perturbations may yield valuable 
information surrounding the role of neuromuscular anomalies in modulating 
ACL injury risk. 
While the results of this study support the theory that consistent task 
performance can be achieved with anomalies in muscle activation profiles, it 
may be unwise to dismiss the potential role of neuromuscular anomalies in 
ACL injuries. The ‘one-off’ nature in which noncontact ACL injuries occur,[46] 
combined with the neuromuscular system’s role in counteracting potentially 
hazardous lower limb postures and loads[170-172] does support the theory that a 
random intrinsic neuromuscular dysfunction may play a role in the ACL 
injury mechanism. Abnormal knee joint postures and loading places the ACL 
at risk of rupture.[138, 378] Anomalous muscle activation characteristics could 
potentially increase the risk of injury to the ACL by increasing the likelihood 
of an abnormal and possibly hazardous performance occurring. As discussed 
earlier, neuromuscular anomalies in certain situations may represent a 
mechanism to keep task performance consistent and protect from injury. 
However, in other situations where variations in muscle activation profiles are 
not required, neuromuscular anomalies may invoke abnormal and potentially 
hazardous lower limb postures that increase the risk of injury. 
It may also be that specific contrasting anomalies in muscle activation induce 
desirable and undesirable changes, respectively, with regard to lower limb 
biomechanics associated with ACL loading or injury risk. For example, 
increasing activation of the medial quadriceps and hamstrings is considered 
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an appropriate strategy for protecting the ACL by supporting against external 
knee abduction moments.[161, 170] Anomalous muscle activation characteristics 
representing reduced versus over activation of these medial knee muscles 
could therefore have opposing effects, increasing and decreasing the load 
placed on the ACL, respectively. Examination of participants’ individual 
anomalies compared to their ‘normal’ activation profile(s) revealed a diverse 
range of anomalies across different trials, muscles and participants. 
Anomalous trials were identified via both increases and decreases in the 
activation of muscles within the different muscle synergies. Further, large 
variations in the timing of peak muscle activation also appeared to trigger the 
identification of anomalous activation profiles. The identification of 
anomalous activation profiles can be best explained by inspection of an 
example of a participant’s ‘normal’ versus anomalous trials. The muscle 
synergy weighing coefficient and EMG waveform data of a sample 
participants (P22) ‘normal’ and anomalous trials are presented in Figure 4.7 
(see Page 108) and Figure 4.8 (see Page 109), respectively. Figure 4.7 can be 
used to determine where the anomalies in muscle activation lie relative to the 
identified muscle synergies. For the first identified anomalous trial (indicated 
in red), the main anomalies compared to the ‘normal’ profile (indicated in 
black) are present in the muscle weighing coefficients of gluteus maximus in 
synergy one; as well as the medial and lateral hamstrings, and gastrocnemius 
in synergy three. These results would suggest that this trial had a substantial 
increase in activation of the gluteus maximus around initial contact; while also 
having large increase in medial and lateral hamstrings, and gastrocnemius 
preparatory activation relative to ‘normal’ trials. For the second identified 
anomalous trial (indicated in blue), the main anomalies can be seen in the 
muscle weighing coefficients of the gluteus medius and lateral hamstrings in 
synergies one and three, respectively. These results would suggest that this 
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trial had a substantial increase in gluteus medius activation around initial 
contact and a large reduction in preparatory activation of the lateral 
hamstrings. These interpretations can be confirmed by examination of the 
EMG waveform data (see Figure 4.8), comparing the mean data from the 
‘normal’ trials to data from the anomalous trials. 
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Figure 4.8 Individual participant (P22) example of muscle activation 
waveform data from ‘normal’ and anomalous trials. 
It is possible that the grouping of dissimilar anomalies for comparison to the 
participants’ ‘normal’ trials influenced the ability to detect differences in lower 
limb biomechanical outcomes. Opposing effects on lower limb biomechanics 
compared to ‘normal’ trials may arise from contrasting anomalies. The 
investigation of specific anomalies in muscle activation was, however, outside 
the scope of this study. The experimental design limited the ability to isolate 
and test the effect of specific anomalies in muscle activation on lower limb 
biomechanics. Only 52 anomalous trials were observed across 640 total trials. 
Splitting these trials based on the type of anomaly that occurred would result 
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in minimal numbers across the various specific anomalies, and it would be 
difficult to draw conclusions from such small samples. 
Musculoskeletal modelling and computer simulation methods may be a viable 
approach for examining the influence of specific muscle activation anomalies 
on lower limb biomechanics across various sporting situations where ACL 
injuries occur. Studies have utilised modelling and simulation methods to 
identify how alterations in muscle activation can impact human 
movement.[379-381] The findings of the present study suggest that it may be 
important to consider anomalies in muscle activation profiles within 
modelling and simulation studies examining the relationship between 
neuromuscular control and ACL injury risk during high-risk sporting tasks. 
Simulation-based methods could allow for specific neuromuscular anomalies 
to be investigated in isolation and replicated across a range of different 
muscles, individuals or tasks. Environmental related perturbations that have 
been associated with ACL injuries could also be included within these 
simulations to understand the potential protective or injurious effects of 
variations in muscle activation profiles. Future studies in these areas may 
allow for a greater understanding of the differential effects of various 
neuromuscular anomalies on lower limb biomechanics associated with ACL 
loading during high-risk sporting tasks across a range of situations. 
Interestingly, a select number of participants did not exhibit any anomalous 
trials (see Table 4.1, Page 99). This could be an indication that certain 
participants were more consistent in the activation profiles they used in 
completing the landing task. Consistent muscle activation could ensure that 
the landing task is repeatedly performed in a safe manner, preventing injuries 
from occurring. However, if the individual’s muscle activation profile were 
insufficient to produce a landing technique that protected the ACL from high 
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loads, this consistency may result in the individual being frequently placed at-
risk of injury. In addition, the inability to adapt their muscle activation profile 
to varying situations may also place the individual at increased risk of injury 
when unexpected perturbations to the movement are experienced. The need 
to utilise consistent or varying muscle activation profiles may be an important 
component to consider for ACL injury prevention programs. ACL injury 
prevention programs incorporating repetitive exercises in a controlled 
environment may only encourage a single neuromuscular solution for the 
high-risk task being trained. Should more variable neuromuscular control be 
deemed important for protecting athletes from ACL injury, injury prevention 
programs must reflect this need. Further research on the impact of varying 
muscle activation profiles on lower limb biomechanics during high-risk 
sporting tasks may determine whether injury prevention programs should 
encourage consistent or variable neuromuscular strategies. 
The lack of anomalies for certain participants could also have been reflective 
of the number of trials collected (n = 20). By definition, an anomaly is 
something that deviates from what is normal or expected. Therefore, many 
trials may be necessary for this to occur within individuals who display more 
consistent muscle activation. This need for a large number of trials could be a 
limitation for examining this phenomenon using data collected from 
experimental methods alone. Collecting a substantial number of trials of a 
high-risk sporting task within laboratory settings may be impractical due to 
the time required, but may also impact the merit of results. Alterations in 
muscle activation characteristics have been observed during high-risk 
sporting tasks under fatigued conditions.[382] Performing an extensive number 
of trials could induce fatigue, therefore it may be difficult to discern if the 
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anomalies in neuromuscular control were due to an intrinsic dysfunction or 
the presence of fatigue. 
The grouping of ‘normal’ muscle activation profiles may have been another 
limiting factor in this study. While certain participants’ ‘normal’ trials were 
grouped in a single muscle activation profile and could be considered 
homogenous, other participants exhibited multiple ‘normal’ activation 
profiles. This is not surprising, as studies have shown different neuromuscular 
solutions can be utilised for performance of the same task.[48-50, 254] Grouping the 
various ‘normal’ activation profiles identified and comparing each of these to 
the anomalous trials may have resulted in certain differences in lower limb 
biomechanics being identified. Nonetheless, the focus of this study was to 
examine the impact of anomalies in muscle activation on lower limb 
biomechanics during a high-risk landing task, and this was achievable by 
grouping trials considered as ‘normal’ for comparison. It is important to note 
that ‘normal’ muscle activation within this study was only representative of 
the individuals’ typical or usual muscle activation profile(s). It may be 
erroneous to assume that these ‘normal’ activation profiles incorporated 
adequate muscle activation to prevent lower limb postures that would 
increase ACL loading or injury risk. The identification of multiple ‘normal’ 
profiles does, however, open up further avenues for exploring neuromuscular 
contributions to ACL injury risk. It is possible that different muscle activation 
profiles result in different lower limb biomechanics, and thus impact on ACL 
injury risk. Linking specific muscle activation profiles to lower limb 
biomechanics consistent with increased ACL loads may further our 
understanding of neuromuscular contributions to ACL injury risk. This area 
will be explored within Chapter Five of this thesis. 
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It is important to acknowledge that this study focused solely on muscle 
activation during the high-risk sporting task. The physiological characteristics 
and strength of muscles are likely to be key factors in protecting the knee and 
ACL during high-risk landing tasks, and thus also require consideration in 
identifying neuromuscular contributions to ACL injury risk. A recent 
prospective study found that reduced isometric hip abduction and external 
rotation strength was predictive of future noncontact ACL injury in 
athletes,[198] highlighting the importance of adequate muscle strength in 
reducing ACL injury risk. A muscle with a larger physiological cross-section 
area will produce greater force at the same activation level compared to a 
smaller muscle.[262] Similarly, higher muscle forces can be produced at the same 
activation level if the muscle is operating at a more optimal length or 
velocity.[262] Individuals with differences in muscle strength, size or length may 
have variable capacities to cope with anomalies in muscle activation profiles. 
Neuromusculoskeletal modelling approaches allow the inclusion of muscle 
strength and length parameters, while also calculating muscle forces during 
task performances. The use of these approaches in conjunction with the 
assessment of neuromuscular anomalies may assist in achieving a greater 
overall understanding of neuromuscular contributions to ACL injury risk, and 
how this may vary across individuals with different muscle physiology. 
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4.5 Conclusions 
This study identified the presence of anomalies in muscle activation profiles 
during repeat performance of a high-risk landing task within a laboratory 
environment. However, the presence of neuromuscular anomalies did not 
result in lower limb biomechanics consistent with increased ACL loads or 
injury risk. These findings suggest that consistent performance of a high-risk 
landing task can be achieved even with anomalies in neuromuscular control. 
Investigating the differential effects of specific neuromuscular anomalies may 
elicit further understanding regarding their influence on ACL injury risk. 
Multiple ‘normal’ muscle activation profiles were identified within a number 
of participants. A greater understanding of neuromuscular contributions to 
ACL injury risk may be achieved by examining the influence of these different 
normal profiles on lower limb biomechanics during high-risk landing tasks. 
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Chapter Five: The Influence of Muscle 
Activation Profiles on Lower Limb 
Biomechanics during a Landing Task 
 
5.1 Introduction 
Neuromuscular control is often acknowledged as a key modifiable risk factor 
for anterior cruciate ligament (ACL) injuries.[15, 47] Various elements of 
neuromuscular control have been implicated in increasing ACL injury risk or 
linked to biomechanical factors associated with increased ACL loads.[131, 174, 177, 
178, 186-191] Targeting these muscle activation characteristics within injury 
prevention programs is likely an effective means for reducing ACL injury risk. 
However, previous work linking neuromuscular factors to lower limb 
biomechanics associated with ACL loading has tended to focus on discrete 
muscle activation characteristics of specific muscles.[54-64] This approach fails to 
acknowledge the relationship between multiple muscles and their combined 
activation characteristics. As no single muscle crossing the knee is capable of 
supporting the joint against injurious loads alone, adequate activation of 
multiple muscles is required to protect the ACL from external loading during 
high-risk sporting tasks.[161] The combined activation characteristics of lower 
limb muscles (i.e. the overall muscle activation profile) may therefore be key 
in reducing ACL injury risk. Understanding how the overall muscle activation 
profile contributes to lower limb biomechanics associated with ACL loading 
during high-risk sporting tasks may improve our understanding of 
neuromuscular contributions to ACL injury risk. 
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Determining how the overall muscle activation profile varies across repeat 
task performances within and between individuals is also of importance. The 
neuromuscular system is capable of employing different muscle activation 
profiles for a given movement.[48-50, 254] The use of different muscle activation 
profiles within individuals was evident in the previous study, where a number 
of participants employed multiple activation profiles across landing trials. 
While the previous chapter focused on intra-individual variation within 
muscle activation profiles, the use of muscle activation profiles across 
individuals must also be considered. Understanding whether individuals 
utilise shared or different activation profiles and how these relate to potential 
ACL injury risk is an important factor in ensuring ACL injury prevention 
programs are providing a benefit to all involved. Current ACL injury 
prevention programs tend to be applied in a universal manner, where the 
same neuromuscular deficits are targeted across all individuals.[358] The 
identification of different activation profiles within or across individuals 
would question whether generic ACL injury prevention programs are 
appropriate. Different activation profiles may encompass various 
neuromuscular deficits that contribute to ACL injury risk. This may infer to 
need for varied injury prevention programs to ensure these neuromuscular 
deficits are targeted. 
The purpose of this study was to identify the muscle activation profiles 
employed during a high-risk landing task and their subsequent impact on 
lower limb biomechanics linked to ACL loading or injury risk. It was 
hypothesised that individuals would utilise a number of different muscle 
activation profiles, and that certain profiles would result in lower limb 
biomechanics consistent with increased ACL loading and injury risk. 
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5.2 Methodology 
The majority of the methods employed in this study are comprehensively 
outlined in Chapter Three. The following methods are an abridged version of 
the sections specific to this chapter. 
5.2.1 Participants 
Thirty-two healthy sub-elite female netball players (age = 23.1 ± 3.0 years; 
height = 171.4 ± 7.8 cm; mass = 67.8 ± 8.2 kg; netball experience = 12.45 ± 4.54 
years) volunteered and provided written consent to participate in this study. 
All participants met the inclusion/exclusion criteria detailed in Section 3.2 of 
Chapter Three. 
5.2.2 Experimental Procedures 
Data from the netball-specific landing task (i.e. the leap landing), as described 
in Section 3.3.1 of Chapter Three, performed during testing session one (i.e. 
baseline) were used within this study. Participants performed 20 successful 
trials of the leap landing on a predetermined ‘landing limb.’ The landing limb 
was determined by asking participants which limb they would be more 
comfortable landing on when catching a pass during a game. Further to this, 
players were given an opportunity to trial landing on each limb to identify 
which they were more comfortable landing on. Each landing trial was initiated 
by breaking and accelerating from a static defender (model skeleton) from a 
position six-metres from the landing area, followed by a run-up and leap 
landing whilst catching a pass (see Figure 5.1, Page 118). Trials were repeated 
until the 20 successful trials were recorded. Participants were allocated 60-90 
seconds rest between trials in an effort to minimise fatigue.[134, 255] 
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Electromyography, kinematic and kinetic data collected from the participants 
‘landing limb’ during all landing trials were used within this study. 
 
Figure 5.1  Sagittal view of the leap landing task. 
5.2.3 Data Collection and Analysis 
Electromyography (EMG), kinematic and kinetic data from the leap landing 
task were collected and analysed as per the procedures outlined in Section 
3.4.1 and 3.4.2, respectively, of Chapter Three. Briefly, surface EMG data were 
collected unilaterally from eight lower limb muscles (gluteus maximus 
[GMAX], gluteus medius [GMED], medial hamstrings [MHAM], lateral 
hamstrings [LHAM], rectus femoris [RF], vastus lateralis [VL], vastus medialis 
[VM], and lateral gastrocnemius [GAS]) on the participants’ ‘landing limb’ 
using wireless parallel-bar electrodes (Delsys Trigno, Delsys Incorporation, 
Boston, MA, United States). All EMG data were processed using custom 
MATLAB (version R2014a) (The Mathworks Incorporated, Natick, MA, 
United States) programs. Raw EMG signals were online processed using a 
bandpass filter between 10 and 500 Hz, and later offline processed using a 20 
Hz high-pass fourth-order zero-lag Butterworth digital filter to reduce the 
effects of movement artefact; full-wave rectified; and converted to a linear 
envelope via a 6 Hz low-pass fourth-order zero-lag Butterworth digital filter. 
The EMG data was then amplitude normalised (% MVC) to the larger of the 
peak value recorded during maximal voluntary isometric contractions or the 
peak EMG activity during landing trials.[282, 288] EMG data were extracted from 
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150 ms prior through to 300 ms post initial contact (IC) across all landing trials 
for subsequent analyses. This window was chosen as previous research 
examining a similar single-limb catch and land task has shown lower limb 
muscle onsets occur up to 150 ms prior to landing and remain active for a 
period of up to 380 ms.[54] 
As in the previous study, muscle synergies were used to represent muscle 
activation profiles during the landing task. The extracted EMG data were 
factorised by applying a non-negative matrix factorisation (NMF) 
algorithm[298] (as outlined in Section 3.4.1.3.1 of Chapter Three) to obtain the 
muscle synergy components, those being the time-variant muscle activation 
coefficients and time-invariant muscle weighing coefficients. The NMF 
algorithm was iterated by varying the number of synergies between one and 
six, with the number of synergies that resulted in greater than 90% mean total 
variance accounted for (ܸܣܨ) between experimental and reconstructed EMG 
data retained. ܸܣܨ was also calculated across individual muscles (ܸܣܨ௠௨௦௖௟௘) 
to ensure that each muscle’s activity patterns were accounted for by the 
retained synergies (i.e. ܸܣܨ௠௨௦௖௟௘ > 75%).[48] Following factorisation, the muscle 
activation coefficients were normalised to their maximum value (i.e. each 
activation coefficient had a maximum value of 1), with the muscle weighing 
coefficients within each of the muscle synergies scaled by the same respective 
factor.[49, 294] 
Three-dimensional (3D) kinematics and kinetics of the lower limb were 
computed using an established musculoskeletal model.[305, 310] An eight camera 
3D motion capture system (Vicon, Oxford Metrics Limited, Oxford, United 
Kingdom) sampling at 250 Hz, synchronised with a 600 x 900 mm in ground 
force plate (Advanced Medical Technology Incorporated, Watertown, MA, 
United States) sampling at 1000 Hz collected marker trajectory and ground 
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reaction force (GRF) data. Marker trajectory and GRF data were low-pass 
filtered using a cubic smoothing spline with a cut-off frequency of 12 Hz. 
Three-dimensional hip and knee joint rotations were calculated from filtered 
marker trajectory data using an X-Y-Z Cardan angles sequence; with the X, Y 
and Z axes representing joint rotations in the sagittal, frontal and transverse 
planes, respectively.[138] Kinematic data were expressed relative to each 
participant’s stationary (neutral) trial.[56, 310, 311] Three-dimensional hip and knee 
external joint moments were calculated by submitting the filtered marker 
trajectory and GRF data to a conventional inverse dynamics analysis.[261] Joint 
moments were expressed in the reference frames of the joint coordinate 
systems and were normalised by dividing the total joint moment (Nm) by the 
product of the participant’s weight and height (kgm). Joint rotation and 
moment data were extracted from the instance of IC to 150 ms post IC across 
all landing trials. This time window was chosen for biomechanical variables 
as ACL injuries are thought to occur within the early deceleration phase of 
landing.[161] 
5.2.4 Statistical Analysis 
Latent profile analysis (LPA) (as outlined in Section 3.5.1.2 of Chapter Three) 
was used to classify landing trials with similar muscle activation 
characteristics into subgroups (i.e. muscle activation profiles). The normalised 
muscle weighing coefficients obtained from the factorisation of EMG data 
were used as the input variables for the LPA. These variables represented the 
muscle activation characteristics of each landing trial and were therefore 
deemed as the most applicable for profile identification. Models with a 
different number of profiles (two through to eight) were fit to establish the 
number of subgroups that provided the optimal fit for the data.[360] The Akaike 
(AIC) and Bayesian (BIC) information criterion indices were used for model 
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selection.[358, 360] Based on these criterion the three component model was 
deemed to provide the best fit, therefore three muscle activation profiles 
(MAPs) were identified. Although a higher number of profile solutions were 
statistically supported by the AIC criterion, solutions above three profiles 
resulted in substantial increases in BIC suggesting a poorer fit (see Table 5.1). 
Solutions above the three component model also resulted in profiles being 
split into subgroups containing a small number of trials (i.e. less than 30 trials). 
Table 5.1 Information criterion indices used for model selection in the 
latent profile analysis. 
Model Components AIC BIC 
2 40,398 43,972 
3 39,627 43,294 
4 38,940 44,735 
5 38,232 45,478 
6 38,217 46,912 
7 38,153 48,298 
8 37,795 49,391 
AIC – Akaike Information Criteria; BIC – Bayesian Information Criteria 
Lower values indicate a superior model 
Following profile identification, group differences in the muscle weighing 
coefficients across all muscle synergies were assessed. Normality of data 
distribution within profiles and equality of variance between profiles for the 
muscle weighing coefficients was confirmed via non-significant (p > 0.05) 
Shapiro-Wilk and Levene statistics, respectively. As the assumptions of 
normality and equality of variance were not violated, within- and between-
profile comparisons across the factors of interest were undertaken using 
parametric tests. A three-way factorial analysis of variance (ANOVA) with the 
Muscle Activation Profiles during Landing 
 
122 
muscle weighing coefficient values as the dependent variable was used to 
examine the main and interaction effects of profile (n = 3), muscle synergy (n = 
3) and muscle (n = 8). Partial eta squared (η2) was used as a measure of effect 
size for main and interaction effects, with the interpretation of effect size 
values guided by Miles and Shevlin[383] (small η2 = 0.01; medium η2 = 0.06; large 
η2 = 0.14). Where statistically significant main and interaction effects were 
identified (p < 0.05), post-hoc analyses of simple main effects within- and 
between-factors were undertaken using Tukey’s honest significant difference 
tests to identify where specific differences occurred. A Bonferroni correction 
was applied to an initial alpha level of 0.05 for post-hoc tests based on the 
number of comparisons being made within a simple main effects test. Cohen’s 
d effect sizes were calculated for post-hoc tests, with the interpretation guided 
by Cohen[384] (small d = 0.2; medium d = 0.5; large d = 0.8). 
To test the effect of different MAPs on lower limb biomechanics, extracted hip 
and knee joint rotation and moment waveform data were exported and 
analysed via open source code[369, 371] in Python 2.7 using Canopy 1.5 
(Enthought Incorporated, Austin, TX, United States). Comparisons of 
kinematic and kinetic waveform data across the different MAPs were made 
using one-dimensional statistical parametric mapping (SPM1D). A 
hierarchical process was used to identify multi- and single-planar differences 
in lower limb biomechanics between MAPs. The mean hip and knee joint 
rotation (RXYZ) and joint moment (MXYZ) vector-fields were compared across all 
profiles using a SPM1D multivariate ANOVA (MANOVA). Where MANOVA 
revealed a statistically significant difference, post-hoc comparisons of the joint 
rotation (RXYZ) and moment (MXYZ) vector-fields between the individual MAPs 
were made using a SPM1D Hotelling’s T2 test. Post-hoc comparisons between 
the individual MAPs of the joint rotation (RXY, RXZ, RYZ) and moment (MXY, 
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MXZ, MYZ) couples using SPM1D Hotelling’s T2 tests and individual joint 
rotation (RX, RY, RZ) and moment (MX, MY, MZ) components using SPM1D two-
sample t-tests were also conducted. To retain a Type I family-wise error rate 
of alpha = 0.05, a corrected threshold based on the number of profiles and 
vector components (i.e. profiles = 3; joints = 2; planes = 3) was calculated.[362] 
This resulted in a corrected alpha level of 0.0028 being used for subsequent 
critical threshold calculations and identification of statistically significant 
differences. Subsequently, for each SPM statistic a critical threshold was 
calculated at the corrected alpha level to determine where statistically 
significant results were present. A statistically significant difference was 
identified where the SPM statistical curve exceeded this critical threshold. 
Supra-threshold clusters indicated the same result would be produced by 
random curves in only 0.28% of repeated tests. The subsequent probabilities 
(i.e. p-values) with which supra-threshold regions of the SPM statistical curve 
could have resulted from repeated samplings of equally smooth random 
curves were then calculated. 
5.3 Results 
As this study used the same data as Chapter Four, the same three muscle 
synergies representing muscle activation around IC (i.e. at landing) (muscle 
synergy 1), muscle activation after IC (i.e. post landing) (muscle synergy 2), 
and activation prior to IC (i.e. preparatory activity) (muscle synergy 3) were 
identified by NMF (see Figure 5.2, Page 124). 
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Figure 5.2  Normalised activation coefficients of the three muscle 
synergies extracted from the factorisation of EMG data. 
Dashed vertical line represents initial landing contact (IC). 
5.3.1 Muscle Activation Profiles 
As described earlier, the latent profile analysis identified three muscle 
activation profiles (MAPs). Of the 640 total trials; 231, 246 and 163 were 
clustered to MAP-1, MAP-2 and MAP-3, respectively. A summary of the 
number of trials using the different activation profiles by individual 
participants is presented in Table 5.2 (see Page 125). 
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Table 5.2  Summary of muscle activation profiles employed by 
individual participants across trials. 
Participant (P) MAP-1 MAP-2 MAP-3 
P1 20 0 0 
P2 6 1 13 
P3 0 19 1 
P4 0 1 19 
P5 0 5 15 
P6 4 1 15 
P7 0 20 0 
P8 20 0 0 
P9 1 1 18 
P10 2 18 0 
P11 0 20 0 
P12 1 19 0 
P13 20 0 0 
P14 20 0 0 
P15 19 1 0 
P16 0 0 20 
P17 1 0 19 
P18 11 0 9 
P19 20 0 0 
P20 20 0 0 
P21 0 0 20 
P22 0 19 1 
P23 0 20 0 
P24 17 0 3 
P25 19 0 1 
P26 0 20 0 
P27 0 20 0 
P28 0 20 0 
P29 10 1 9 
P30 20 0 0 
P31 0 20 0 
P32 0 20 0 
MAP – muscle activation profile 
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Mean EMG data of the three MAPs from 150 ms prior to 300 ms post IC during 
the leap landing task is presented in Figure 5.3. 
 
Figure 5.3  Mean electromyography (EMG) waveform data of the three 
muscle activation profiles (MAPs) from 150 milliseconds (ms) 
prior to initial contact (IC) through to 300ms post IC during the 
leap landing task. Dashed vertical line indicates IC. 
Statistically significant main effects were observed for the factors of profile (p 
< 0.001, η2 = 0.008), synergy (p < 0.001, η2 = 0.322) and muscle (p < 0.001, η2 = 
0.071). Post-hoc analyses revealed MAP-2 had greater overall activation 
compared to MAP-1 (p < 0.001, d = 0.06) and MAP-3 (p < 0.001, d = 0.16), while 
MAP-1 had greater overall activation compared to MAP-3 (p < 0.001, d = 0.10). 
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Greater overall activation was observed in muscle synergy one (i.e. at landing) 
compared to muscle synergies two (i.e. post landing) (p < 0.001, d = 0.92) and 
three (i.e. prior to landing) (p < 0.001, d = 1.10), while muscle synergy two 
encompassed greater overall activation compared to muscle synergy three (p 
< 0.001, d = 0.18). The highest overall activations were observed for the RF, VL, 
VM and GAS compared to all other muscles (p < 0.001 and d = 0.16 – 0.54 across 
comparisons). Greater overall activation of GMED and MHAM compared to 
LHAM (p < 0.001, d = 0.26 and p < 0.001, d = 0.13, respectively) and GMAX (p < 
0.001, d = 0.24 and p < 0.001, d = 0.12, respectively) was also observed. 
A statistically significant synergy x muscle interaction was found (p < 0.001, η2 
= 0.338). Post-hoc analyses revealed statistically significant differences in 
overall activation between muscles within muscle synergies one (see Table 5.3, 
Page 128) two (see Table 5.4, Page 129) and three (see Table 5.5, Page 130). 
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Table 5.3 Effect sizes for statistically significant overall differences in 
activation between muscles within muscle synergy one. 
 GMAX GMED MHAM LHAM RF VL VM GAS 
GMAX ---        
GMED n.d. ---       
MHAM -0.90 -1.05 ---      
LHAM -1.00 -1.17 n.d. ---     
RF 0.59 0.47 1.41 1.51 ---    
VL 0.71 0.58 1.62 1.74 n.d. ---   
VM 0.68 0.56 1.55 1.66 n.d. n.d. ---  
GAS 1.09 0.97 1.95 2.07 0.45 0.41 0.40 --- 
Table reads along rows. Positive effect size indicates higher activation of muscle in row compared to 
respective muscle in column; while a negative effect size indicates reduced activation of muscle in 
row compared to respective muscle in column. p < 0.001 for all statistically significant differences. 
GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; LHAM – lateral 
hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – gastrocnemius; 
n.d. – no difference. 
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Table 5.4 Effect sizes for statistically significant overall differences in 
activation between muscles within muscle synergy two. 
 GMAX GMED MHAM LHAM RF VL VM GAS 
GMAX ---        
GMED 0.36 ---       
MHAM n.d. -0.43 ---      
LHAM n.d. -0.32 n.d. ---     
RF 1.52 1.26 1.60 1.51 ---    
VL 1.36 1.03 1.48 1.35 -0.40 ---   
VM 1.33 1.02 1.44 1.33 -0.38 n.d. ---  
GAS n.d. n.d. n.d. n.d. -1.37 -1.18 -1.16 --- 
Table reads along rows. Positive effect size indicates higher activation of muscle in row compared to 
respective muscle in column; while a negative effect size indicates reduced activation of muscle in 
row compared to respective muscle in column. p < 0.001 for all statistically significant differences. 
GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; LHAM – lateral 
hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – gastrocnemius; 
n.d. – no difference. 
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Table 5.5 Effect sizes for statistically significant overall differences in 
activation between muscles within muscle synergy three. 
 GMAX GMED MHAM LHAM RF VL VM GAS 
GMAX ---        
GMED 0.59 ---       
MHAM 1.83 1.36 ---      
LHAM 1.42 0.93 -0.41 ---     
RF -0.88 -1.60 -2.73 -2.32 ---    
VL n.d. -0.85 -2.13 -1.70 0.86 ---   
VM n.d. -1.10 -2.33 -1.90 0.57 n.d. ---  
GAS n.d. -0.82 -2.00 -1.60 0.57 n.d. n.d. --- 
Table reads along rows. Positive effect size indicates higher activation of muscle in row compared to 
respective muscle in column; while a negative effect size indicates reduced activation of muscle in 
row compared to respective muscle in column. p < 0.001 for all statistically significant differences. 
GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; LHAM – lateral 
hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – gastrocnemius; 
n.d. – no difference. 
 
5.3.1.1 Within-Profile Comparisons 
Statistically significant profile x synergy (p < 0.001, η2 = 0.048), profile x muscle 
(p < 0.001, η2 = 0.018) and profile x synergy x muscle (p < 0.001, η2 = 0.046) 
interactions were also observed. 
5.3.1.1.1 Muscle Activation Profile 1 (MAP-1) 
The muscle synergy weighing coefficient values for MAP-1 are presented in 
Figure 5.4 (see Page 131). 
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Figure 5.4  Muscle synergy weighing coefficient values for MAP-1. 
Within MAP-1, greater overall activation was observed in muscle synergy one 
compared to synergies two (p < 0.001, d = 1.31) and three (p < 0.001, d = 1.30). 
No overall differences were observed between muscle synergies two and 
three. Greater overall activation of RF, VL and VM was recorded compared to 
GMAX, GMED, MHAM, LHAM and GAS (p < 0.001 and d = 0.24 – 0.79 across 
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comparisons). No further differences in overall activation between muscles 
were observed for MAP-1.  
Within synergy one, reduced activation of MHAM and LHAM was observed 
compared to all other muscles (p < 0.001 and d = 1.07 – 2.25 across 
comparisons); while greater activation of RF, VM and GAS was observed 
compared to GMAX (p < 0.001, d = 0.67; p < 0.001, d = 0.49; and p < 0.001, d = 
0.41, respectively) and GMED (p < 0.001, d = 0.94; p < 0.001, d = 0.78; and p < 
0.001, d = 0.66, respectively). 
Within synergy two, greater activation of RF, VL and VM was observed 
compared to GMAX, GMED, MHAM, LHAM and GAS (p < 0.001 and d = 1.03 
– 1.64 across comparisons). No further differences for MAP-1 within synergy 
two were identified. 
Within synergy three, the MHAM had the greatest activation (p < 0.001 and d 
= 0.47 – 2.12 across comparisons); while the LHAM had greater activation 
compared to the remaining muscles (p < 0.001 and d = 1.01 – 1.81 across 
comparisons). RF and GAS had reduced activation compared to GMAX (p < 
0.001, d = 0.46 and p < 0.001, d = 0.44, respectively), GMED (p < 0.001, d = 0.91 
and p < 0.001, d = 0.91, respectively) and VL (p < 0.001, d = 0.91 and p < 0.001, d 
= 0.92, respectively); while reduced VM activation was seen compared to 
GMED (p < 0.001, d = 0.79) and VL (p < 0.001, d = 0.77). 
5.3.1.1.2 Muscle Activation Profile 2 (MAP-2) 
The muscle synergy weighing coefficient values for MAP-2 are presented in 
Figure 5.5 (see Page 133). 
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Figure 5.5  Muscle synergy weighing coefficient values for MAP-2. 
Within MAP-2, greater overall activation was observed in muscle synergy one 
compared to synergies two (p < 0.001, d = 0.43) and three (p < 0.001, d = 0.89); 
while synergy two had greater overall activation compared to synergy three 
(p < 0.001, d = 0.48). RF, VL and VM had the highest overall activation (p < 0.001 
and d = 0.25 – 0.72 across comparisons) within MAP-2. Greater activation of 
GAS was found compared to GMAX (p < 0.001, d = 0.47), MHAM (p < 0.001, d 
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= 0.34) and LHAM (p < 0.001, d = 0.29); while GMED had greater overall 
activation compared to GMAX (p < 0.001, d = 0.47). No differences in overall 
activation between GMAX, MHAM and LHAM were observed for MAP-2. 
Within synergy one, GAS had the greatest activation (p < 0.001 and d = 0.57 – 
2.39 across comparisons); while VL and VM were found to have greater 
activation than the remaining muscles (p < 0.001 and d = 0.51 – 1.80 across 
comparisons). Reduced activation of MHAM and LHAM compared to GMAX 
(p < 0.001, d = 0.84 and p < 0.001, d = 0.73, respectively), GMED (p < 0.001, d = 
1.21 and p < 0.001, d = 1.10, respectively) and RF (p < 0.001, d = 1.11 and p < 
0.001, d = 1.01, respectively) was observed. No further differences for MAP-2 
within synergy one were identified.  
Within synergy two, RF had the highest activation (p < 0.001 and d = 0.94 – 2.56 
across comparisons); while VL and VM had greater activation than the 
remaining muscles (p < 0.001 and d = 1.04 – 2.20 across comparisons). Reduced 
activation of GMAX and MHAM compared to GMED (p < 0.001, d = 0.45 and 
p < 0.001, d = 0.65, respectively), LHAM (p < 0.001, d = 0.17 and p < 0.001, d = 
0.35, respectively) and GAS (p < 0.001, d = 0.40 and p < 0.001, d = 0.60, 
respectively) was observed. No further differences for MAP-2 within synergy 
two were identified.  
Within synergy three, MHAM and LHAM had the greatest activation (p < 
0.001 and d = 1.01 – 3.45 across comparisons); while GMED was found to have 
greater activation than the remaining muscles (p < 0.001 and d = 1.11 – 2.47 
across comparisons). Greater activation of GMAX was observed compared to 
RF (p < 0.001, d = 1.16) and GAS (p < 0.001, d = 0.53). No further differences for 
MAP-2 within synergy three were identified.  
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5.3.1.1.3 Muscle Activation Profile 3 (MAP-3) 
The muscle synergy weighing coefficient values for MAP-3 are presented in 
Figure 5.6. 
 
 
Figure 5.6  Muscle synergy weighing coefficient values for MAP-3. 
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Within MAP-3, greater overall activation was observed in muscle synergy one 
compared to synergies two (p < 0.001, d = 1.30) and three (p < 0.001, d = 1.15). 
No overall differences were observed between muscle synergies two and 
three. GAS had greater overall activation compared to GMAX (p < 0.001, d = 
0.60), GMED (p < 0.001, d = 0.31), MHAM (p < 0.001, d = 0.24) and LHAM (p < 
0.001, d = 0.49) within MAP-3. Reduced overall activity of GMAX was observed 
compared to GMED (p < 0.001, d = 0.36), MHAM (p < 0.001, d = 0.45), RF (p < 
0.001, d = 0.51), VL (p < 0.001, d = 0.45) and VM (p < 0.001, d = 0.41); while 
reduced activity of LHAM was observed compared to RF (p < 0.001, d = 0.38) 
and VL (p < 0.001, d = 0.32). No further differences in overall activation between 
muscles were observed for MAP-3.  
Within synergy one, GAS recorded the highest activation (p < 0.001 and d = 
0.49 – 2.24 across comparisons). Reduced activation of MHAM and LHAM 
were observed compared to all other muscles (p < 0.001 and d = 0.48 – 1.65 
across comparisons). RF, VL and VM had greater activation than GMAX (p < 
0.001, d = 1.14; p < 0.001, d = 0.95 and p < 0.001, d = 0.89, respectively); while RF 
and VL recorded greater activation than GMED (p < 0.001, d = 0.58 and p < 
0.001, d = 0.45, respectively). No further differences for MAP-3 within synergy 
one were identified. 
Within synergy two, RF had the greatest activation (p < 0.001 and d = 0.49 – 
2.09 across comparisons); while VL and VM were found to have greater 
activation compared to the remaining muscles (p < 0.001 and d = 0.66 – 1.74 
across comparisons). Greater activation of GMED and MHAM compared to 
GMAX (p < 0.001, d = 0.71 and p < 0.001, d = 0.85, respectively) was observed. 
No further differences for MAP-3 within synergy two were identified. 
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Within synergy three, MHAM had the greatest activation (p < 0.001 and d = 
0.72 – 2.98 across comparisons); while LHAM had greater activation compared 
to all remaining muscles (p < 0.001 and d = 0.72 – 2.55 across comparisons). 
GMAX, GMED and GAS had greater activation than RF (p < 0.001, d = 1.65; p < 
0.001, d = 1.83 and p < 0.001, d = 1.28, respectively), VL (p < 0.001, d = 1.00; p < 
0.001, d = 1.29 and p < 0.001, d = 0.92, respectively) and VM (p < 0.001, d = 0.95; 
p < 0.001, d = 1.24 and p < 0.001, d = 0.90, respectively). No further differences 
for MAP-3 within synergy two were identified. 
5.3.1.2 Between-Profile Comparisons 
Comparisons of the muscle weighing coefficient values for the three profiles 
across the three muscle synergies are presented in Figure 5.7 (see Page 139) 
and Table 5.6 (see Page 140). 
A number of differences were found between the profiles across the three 
muscle synergies. Within synergy one, MAP-1 exhibited greater activation of 
RF compared to MAP-2 (p < 0.001, d = 1.14) and MAP-3 (p < 0.001, d = 0.39); 
while MAP-2 exhibited reduced activation of RF compared to MAP-3 (p < 
0.001, d = 0.74). Within synergy two, MAP-2 exhibited greater activation of VL 
and VM compared to MAP-1 (p < 0.001, d = 0.62 and p < 0.001, d = 0.74, 
respectively) and MAP-3 (p < 0.001, d = 1.32 and p < 0.001, d = 1.52, respectively); 
while MAP-1 exhibited greater activation of VL and VM compared to MAP-3 
(p < 0.001, d = 0.55 and p < 0.001, d = 0.60, respectively). Within synergy three, 
MAP-1 exhibited greater activation of VL compared to MAP-2 (p < 0.001, d = 
0.61) and MAP-3 (p < 0.001, d = 1.58); while MAP-2 exhibited greater activation 
of VL compared to MAP-3 (p < 0.001, d = 0.84). 
Further, specific differences between the three muscle activation profiles were 
observed across the muscle synergies. Compared to MAP-2 and MAP-3, MAP-
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1 exhibited greater GMAX activity within synergy one (p < 0.001, d = 0.81 and 
p < 0.001, d = 0.89, respectively), and reduced MHAM activity within synergy 
two (p < 0.001, d = 0.50 and p < 0.001, d = 0.52, respectively). Compared to MAP-
1 and MAP-3, MAP-2 exhibited reduced MHAM activity within synergy one 
(p < 0.001, d = 0.38 and p < 0.001, d = 0.35, respectively); greater GMED (p < 
0.001, d = 0.53 and p < 0.001, d = 0.72, respectively), LHAM (p < 0.001, d = 0.77 
and p < 0.001, d = 0.56, respectively), RF (p < 0.001, d = 1.80 and p < 0.001, d = 
1.78, respectively) and GAS (p < 0.001, d = 0.80 and p < 0.001, d = 0.80, 
respectively) activity within synergy two; and greater GMED (p < 0.001, d = 
0.69 and p < 0.001, d = 0.63, respectively) and LHAM (p < 0.001, d = 0.59 and p < 
0.001, d = 0.62, respectively) activity within synergy three. Compared to MAP-
1 and MAP-2, MAP-3 exhibited reduced GMAX activity within synergy two 
(p < 0.001, d = 0.61 and p < 0.001, d = 0.88, respectively), reduced activity of VM 
within synergy three (p < 0.001, d = 0.51 and p < 0.001, d = 0.81, respectively), 
and greater GAS activity within synergy three (p < 0.001, d = 0.64 and p < 0.001, 
d = 0.69, respectively). 
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Due to the influence of approach speed on landing biomechanics (see 
Appendix F, Page 391), approach speeds from trials clustered to the different 
profiles were compared (see Figure 5.8). A one-way ANOVA revealed no 
overall statistically significant difference for approach speed between the 
profiles (p > 0.05), therefore it was concluded that any differences in landing 
biomechanics between profiles was not due to differences in approach speed. 
 
Figure 5.8 Mean and standard deviation of approach speed for the three 
muscle activation profiles (MAPs). 
The mean hip and knee joint rotations from the three MAPs from IC through 
to 150 ms post IC during the leap landing task are presented in Figure 5.9 (see 
Page 142). SPM1D MANOVA revealed a statistically significant (p < 0.0001) 
overall difference across the three profiles for both the hip and knee joint 
rotation vector-fields (RXYZ). Summary results of the pairwise comparisons 
made between profiles for the hip and knee joint rotation vector-fields (RXYZ), 
joint rotation couples (RXY, RXZ, RYZ) and individual joint rotation components 
(RX, RY, RZ) are presented in Table 5.7 and Table 5.8 (see Pages 143 and 144), 
respectively.  
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Figure 5.9  Mean hip and knee joint rotations of the three muscle 
activation profiles (MAPs) from initial contact (IC) through to 
150 milliseconds (ms) post IC during the leap landing task. 
FLEX – flexion; EXT – extension; ADD – adduction; ABD – 
adduction; IR – internal rotation; ER – external rotation. 
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Table 5.7 Summary of differences identified by SPM1D post-hoc 
analyses for hip joint rotations between the three muscle 
activation profiles (MAPs). 
Vector-Field Time Ranges p-values 
Hip RXYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 75ms; 90 – 129ms p = 0.0003; p = 0.0015 
MAP-2 vs. MAP-3 0 – 30ms; 57 – 150ms p = 0.0017; p < 0.0001 
Hip RXY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 78ms p = 0.0004 
MAP-2 vs. MAP-3 0 – 27ms; 57 – 150ms p = 0.0022; p < 0.0001 
Hip RXZ   
MAP-1 vs. MAP-2 0 – 111ms; 144 – 150ms p < 0.0001; p = 0.0027 
MAP-1 vs. MAP-3 24 – 72ms; 87 – 132ms p = 0.0010; p = 0.0011 
MAP-2 vs. MAP-3 0 – 24ms; 123 – 150ms p = 0.0020; p = 0.0015 
Hip RYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 57ms; 96 – 120ms p = 0.0008; p = 0.0021 
MAP-2 vs. MAP-3 0 – 24ms; 54 – 150ms p = 0.0020; p < 0.0001 
Hip RX   
MAP-1 vs. MAP-2 45 – 81ms p = 0.0009 
MAP-1 vs. MAP-3 27 – 78ms p = 0.0006 
MAP-2 vs. MAP-3 0 – 15ms; 135 – 150ms p = 0.0013; p = 0.0013 
Hip RY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 48ms p = 0.0008 
MAP-2 vs. MAP-3 45 – 150ms p < 0.0001 
Hip RZ   
MAP-1 vs. MAP-2 0 – 45ms; 75 – 114ms p = 0.0004; p = 0.0005 
MAP-1 vs. MAP-3 42 – 45ms; 93 – 123ms p = 0.0014; p = 0.0008 
MAP-2 vs. MAP-3 0 – 15ms p = 0.0012 
MAP – muscle activation profile; ms – milliseconds. 
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Table 5.8  Summary of differences identified by SPM1D post-hoc 
analyses for knee joint rotations between the three muscle 
activation profiles (MAPs). 
Vector-Field Time Ranges p-values 
Knee RXYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 150ms p < 0.0001 
Knee RXY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 111ms p < 0.0001 
Knee RXZ   
MAP-1 vs. MAP-2 0 – 57ms; 93 – 150ms p = 0.0002; p = 0.0002 
MAP-1 vs. MAP-3 0 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 150ms p < 0.0001 
Knee RYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 30 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 39ms; 54 – 81ms; 141 – 150ms p = 0.0004; p = 0.0010; p = 
0.0025 
Knee RX   
MAP-1 vs. MAP-2 0 – 30ms; 90 – 150ms p = 0.0009; p = 0.0002 
MAP-1 vs. MAP-3 0 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 30 – 111ms p < 0.0001 
Knee RY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 27 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 39ms p = 0.0021 
Knee RZ   
MAP-1 vs. MAP-2 0 – 63ms p < 0.0001 
MAP-1 vs. MAP-3 114 – 150ms p = 0.0003 
MAP-2 vs. MAP-3 0 – 30ms; 54 – 81ms; 138 – 150ms p = 0.0006; p = 0.0006; p = 0.0011 
MAP – muscle activation profile; ms – milliseconds. 
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The mean hip and knee joint moments from the three MAPs from IC through 
to 150 ms post IC during the leap landing task are presented in Figure 5.10 (see 
Page 146). SPM1D MANOVA revealed a statistically significant (p < 0.0001) 
overall difference across the three profiles for both the hip and knee joint 
moment vector-fields (MXYZ). Summary results of the pairwise comparisons 
made between profiles for the hip and knee joint moment vector-fields (MXYZ), 
joint moment couples (MXY, MXZ, MYZ) and individual joint moment 
components (MX, MY, MZ) are presented in Table 5.9 and Table 5.10 (see Pages 
147 and 148), respectively. 
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Figure 5.10 Mean hip and knee joint moments of the three muscle 
activation profiles (MAPs) from initial contact (IC) through to 
150 milliseconds (ms) post IC during the leap landing task. 
Mom. – moment; EXT – extension; FLEX – flexion; ABD – 
abduction; ADD – adduction; ER – external rotation; IR – 
internal rotation. 
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Table 5.9  Summary of differences identified by SPM1D post-hoc 
analyses for hip joint moments between the three muscle 
activation profiles (MAPs). 
Vector-Field Time Ranges p-values 
Hip MXYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 150ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 120ms p < 0.0001 
Hip MXY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 75ms; 117 – 150ms p < 0.0001; p = 0.0002 
MAP-2 vs. MAP-3 12 – 114ms p < 0.0001 
Hip MXZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 15 – 48ms; 54 – 150ms p = 0.0002; p < 0.0001 
MAP-2 vs. MAP-3 0 – 9ms; 15 – 99ms p = 0.0024; p < 0.0001 
Hip MYZ   
MAP-1 vs. MAP-2 0 – 21ms; 42 – 150ms p = 0.0011; p < 0.0001 
MAP-1 vs. MAP-3 0 – 48ms; 60 – 150ms p < 0.0001; p < 0.0001 
MAP-2 vs. MAP-3 0 – 9ms; 27 – 87ms p = 0.0023; p < 0.0001 
Hip MX   
MAP-1 vs. MAP-2 0 – 48ms p < 0.0001 
MAP-1 vs. MAP-3 51 – 78ms; 129 – 150ms p = 0.0002; p = 0.0004 
MAP-2 vs. MAP-3 12 – 96ms p < 0.0001 
Hip MY   
MAP-1 vs. MAP-2 0 – 24ms; 48 – 150ms p = 0.0006; p < 0.0001 
MAP-1 vs. MAP-3 0 – 48ms; 117 – 150ms p < 0.0001; p = 0.0002 
MAP-2 vs. MAP-3 30 – 78ms p < 0.0001 
Hip MZ   
MAP-1 vs. MAP-2 3 – 21ms; 42 – 150ms p = 0.0007; p < 0.0001 
MAP-1 vs. MAP-3 15 – 45ms; 66 – 150ms p = 0.0002; p < 0.0001 
MAP-2 vs. MAP-3 0 – 9ms; 24 – 90ms p < 0.0001; p = 0.0012 
MAP – muscle activation profile; ms – milliseconds. 
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Table 5.10  Summary of differences identified by SPM1D post-hoc 
analyses for knee joint moments between the three muscle 
activation profiles (MAPs). 
Vector-Field Time Ranges p-values 
Knee MXYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 33ms; 45 – 150ms p = 0.0002; p < 0.0001 
MAP-2 vs. MAP-3 0 – 69ms; 129 – 150ms p < 0.0001; p = 0.0007 
Knee MXY   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 33ms; 51 – 150ms p = 0.0001; p < 0.0001 
MAP-2 vs. MAP-3 15 – 69ms; 129 – 150ms p < 0.0001; p = 0.0005 
Knee MXZ   
MAP-1 vs. MAP-2 0 – 90ms; 129 – 150ms p < 0.0001; p = 0.0007 
MAP-1 vs. MAP-3 0 – 6ms; 57 – 102ms p = 0.0026; p < 0.0001 
MAP-2 vs. MAP-3 0 – 69ms; 129 – 150ms p < 0.0001; p = 0.0006 
Knee MYZ   
MAP-1 vs. MAP-2 0 – 150ms p < 0.0001 
MAP-1 vs. MAP-3 0 – 30ms; 48 – 150ms p = 0.0004; p < 0.0001 
MAP-2 vs. MAP-3 0 – 54ms p < 0.0001 
Knee MX   
MAP-1 vs. MAP-2 15 – 72ms; 132 – 150ms p < 0.0001; p = 0.0004 
MAP-1 vs. MAP-3 0 – 6ms p = 0.0013 
MAP-2 vs. MAP-3 15 – 69ms; 126 – 150ms p = 0.0002; p < 0.0001 
Knee MY   
MAP-1 vs. MAP-2 0 – 24ms; 42 – 150ms p = 0.0004; p < 0.0001 
MAP-1 vs. MAP-3 0 – 33ms; 51 – 150ms p = 0.0002; p < 0.0001 
MAP-2 vs. MAP-3 n.d. --- 
Knee MZ   
MAP-1 vs. MAP-2 0 – 90ms p < 0.0001 
MAP-1 vs. MAP-3 54 – 105ms p < 0.0001 
MAP-2 vs. MAP-3 0 – 39ms p < 0.0001 
MAP – muscle activation profile; ms – milliseconds ; n.d. – no difference. 
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5.4 Discussion 
Various elements of neuromuscular control have been implicated in ACL 
injury risk or linked to biomechanical factors associated with increased ACL 
loads.[131, 174, 177, 178, 186-191] However, these studies have tended to focus on isolated 
muscle activation characteristics rather than the combined activation 
characteristics of multiple muscles (i.e. the muscle activation profile). The 
purpose of this study was to identify the muscle activation profiles employed 
during a high-risk landing task and their subsequent impact on lower limb 
biomechanics linked to ACL loading or injury risk. A number of muscle 
activation profiles were identified, with each profile contributing to the 
presence of different biomechanical deficits associated with ACL loading or 
injury risk. 
The first hypothesis that a number of different muscle activation profiles 
would be utilised during the landing task was confirmed. The final model 
selected from the latent profile analysis consisted of three muscle activation 
profiles (MAPs), with these profiles exhibiting a number of differences in 
muscle activation. The magnitude of overall activation, irrespective of muscle 
synergy or individual muscles, was found to be different between profiles. 
Overall, MAP-2 exhibited the highest levels of activation, followed by MAP-1 
and MAP-3. However, these differences had the smallest effect sizes across the 
statistically significant comparisons within this study. Larger effect sizes were 
observed for the differences within the muscle synergies and individual 
muscles between profiles, suggesting profile separation was more so defined 
by these specific muscle activation characteristics. MAP-1 was characterised 
by elevated preparatory activation of the vastus lateralis, elevated activation 
of the gluteus maximus and rectus femoris early after initial contact, and 
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reduced activation of the medial hamstrings during the latter stage of landing. 
MAP-2 demonstrated high levels of gluteus medius and lateral hamstrings 
activation prior to landing, and low levels of medial hamstrings and rectus 
femoris activation early after initial contact. MAP-2 also exhibited higher 
activations of multiple muscles in the later stages of landing, including the 
gluteus medius, lateral hamstrings, quadriceps muscles, and gastrocnemius. 
MAP-3 was characterised by low and high levels of preparatory activation of 
the vastus medialis and gastrocnemius, respectively. Low levels of gluteus 
maximus activation in the latter stage of landing were also observed within 
MAP-3. The fact that these varying activation profiles were identified is not 
surprising, as previous studies have found multiple neuromuscular solutions 
can be utilised within a range of movement tasks.[48-50, 254] 
Examining the MAPs at an individual level revealed that certain participants 
utilised multiple activation profiles across their trials (see Table 5.2, Page 125). 
While this occurred, it appeared that the majority of participants had a 
preferred or ‘dominant’ activation profile. The utilisation of a single activation 
profile across all 20 trials was the most common observation (17 out of 32 
participants). Similarly, 12 out of 32 participants exhibited a ‘dominant’ 
activation profile, with at least 15 of the 20 trials being classified to this single 
profile. Only three participants (i.e. P2, P18 and P29) demonstrated a more 
balanced selection with regard to the activation profiles utilised. However, this 
balance tended to be spread across two profiles, with a third rarely or never 
being employed. It appears that even though various activation profiles can 
be utilised within the landing task examined, individuals tend to persevere 
with a preferred neuromuscular strategy. This has implications with regard to 
the use of generic or universal neuromuscular training as a method to alter 
muscle activation characteristics in an effort to reduce ACL injury risk. 
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Universal neuromuscular training refers to the prescription of an identical 
injury prevention program across all individuals, and often attempts to target 
specific neuromuscular or biomechanical risk factors associated with ACL 
injury.[358] The application of universal neuromuscular training has been 
proposed as an effective and efficient method for reducing ACL injury 
rates.[226] However, the tendency for preferential neuromuscular strategies 
demonstrated by participants within this study may highlight the need for 
more targeted injury prevention programs. Varied programs targeting the 
specific neuromuscular deficits within the individual’s preferential activation 
profile may be more effective in eliciting changes in neuromuscular control 
that reduce ACL injury risk. 
The selective activation strategies of the musculature around the hip and knee 
play an important role in counteracting potentially hazardous joint postures 
and external loads.[170-172] The presence of inadequate or poor neuromuscular 
control is likely to contribute to lower limb biomechanics that increase ACL 
loads or injury risk during high-risk sporting tasks. It was hypothesised that 
certain profiles would result in lower limb biomechanics consistent with 
increased ACL loading and injury risk, representing a ‘high-risk’ activation 
profile; while other profiles would not, representing a ‘safe’ activation profile. 
However, this was not the case as various biomechanical deficits were 
identified across all profiles. Reduced knee flexion and larger internal rotation 
moments at the knee were associated with MAP-1; yet greater hip flexion and 
smaller hip adduction and knee abduction angles were also present for this 
profile. MAP-2 resulted in the largest hip adduction, hip internal rotation and 
knee internal rotation angles, and highest knee abduction moments; but also 
demonstrated large knee flexion angles at initial contact. Lastly, limited hip 
flexion at initial contact and the largest knee abduction angles were seen with 
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MAP-3; however large knee flexion angles and the lowest knee abduction 
moments were associated with this profile. The participants included within 
this study were currently injury free and had no history of serious lower limb 
injury. As such, the different profiles identified and resultant lower limb 
biomechanics may represent normal and safe variations for the landing task 
examined. However, considering lower limb biomechanics are the outcome of 
a given movement, they provide a means for which to link neuromuscular 
control with potential increased injury risk. While ‘high-risk’ and ‘safe’ 
activation profiles were not identified, investigating the biomechanical 
outcomes stemming from the different profiles can assist in improving our 
understanding of how the overall activation profile, or aspects of the activation 
profile, contribute or prevent lower limb biomechanics consistent with 
increased ACL loading or injury risk.  
Frontal plane knee postures and moments are acknowledged as the primary 
biomechanical risk factors for ACL injury.[20-23, 28, 160]  A ‘dynamic valgus’ or 
abducted knee position (i.e. abduction of the tibia relative to the femur) and 
higher knee abduction moments have been linked to future ACL injury 
occurrences[160] and substantially increase the load placed on the ACL during 
landing movements.[20-23, 28] During netball leap landings, external knee 
abduction moments are observed in the early stages after initial contact, with 
these shifting to an external knee adduction moment later in the landing 
phase.[248] Athletes must therefore employ adequate activation strategies at 
specific periods of the landing phase to counteract these frontal plane 
moments. Activation of muscles with appropriate moment arms has been 
proposed as a method for counteracting external knee abduction/adduction 
moments.[170, 171, 385] As the knee flexes the medial hamstrings have the capacity 
to counteract external knee abduction moments, while the lateral hamstrings 
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and lateral gastrocnemius work to counteract external knee adduction 
moments.[171] The selective activation of these muscles during the phases of the 
landing where knee abduction and adduction moments are present may 
therefore be an effective strategy in limiting their magnitude. This notion was 
partially supported by the results of this study. MAP-2 exhibited the highest 
peak knee abduction moments in the early stages of landing, with this profile 
exhibiting lower levels of medial hamstrings activation around the time where 
peak knee abduction moments occurred. Increasing the activation of the 
medial hamstrings within this profile may have reduced the peak knee 
abduction moments to a similar level to that seen with the other profiles. The 
largest external knee adduction moments during the latter stages of landing 
were seen with MAP-1. Surprisingly, this profile did not exhibit lower levels 
of activation for muscles that counteract knee adduction moments, nor did it 
exhibit higher levels of activation for muscles known to produce knee 
adduction moments. Additional muscles, such as the medial gastrocnemius, 
gracilis and sartorius, also have the capacity to counteract external knee 
adduction moments.[171] The activation of these muscles may have been 
insufficient within MAP-1, leading to the larger knee adduction moments. 
However, this cannot be confirmed as these additional muscles were not 
assessed in this study. 
Preparatory muscle activation has been acknowledged as an important factor 
in controlling frontal plane knee motion during landing tasks.[187] Higher peak 
knee abduction angles have been associated with increased preparatory 
activation of the vastus lateralis and lateral hamstrings.[187] In addition, 
elevated preparatory activation of the vastus medialis has been linked to lower 
peak knee abduction angles.[187] In the present study, both MAP-2 and MAP-3 
recorded higher peak knee abduction angles compared to MAP-1. MAP-2 
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exhibited the highest preparatory activation of the lateral hamstrings. In 
addition, low levels of medial hamstrings activation in the early stages of 
landing and high levels of lateral hamstrings activation in the later stages of 
landing were seen with MAP-2. The combination of these factors may have 
impeded the ability of this profile to limit knee abduction during landing. 
MAP-3 demonstrated the lowest levels of vastus medialis activity prior to 
landing. This low activation of the medial quadriceps may have contributed 
to the large degree of knee abduction displacement seen during the first 50-
75ms after initial contact, leading to a large peak knee abduction angle. 
Interestingly, MAP-1 recorded the highest levels of preparatory vastus 
lateralis activity, yet had the lowest degree of initial contact and peak knee 
abduction. While the muscles acting directly at the knee are the most 
influential,[187, 386] other muscles may also be relevant in supporting against 
excessive frontal plane knee motion. 
There are suggestions that the hip abductor and adductor musculature assist 
in controlling frontal plane motion at the knee.[170, 387] This notion is supported 
by the fact that excessive hip motion, specifically hip adduction and internal 
rotation, has the capacity to shift the knee to an abducted position.[149, 162] MAP-
2 exhibited high levels of preparatory gluteus medius activation, however this 
did not appear to be protective in limiting the degree of peak knee abduction 
experienced. This is in line with previous work, where preparatory activation 
of gluteus medius was also found to have no influence on peak knee abduction 
angles during landing.[187] Muscles at the hip other than gluteus medius may 
also be useful in providing this support. While the gluteus maximus primarily 
functions as a hip extensor, it can function like the gluteus medius during 
dynamic tasks[178] and may therefore assist in controlling frontal plane motion 
at the knee. High activation of the gluteus maximus at initial contact and 
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during the early deceleration phase of landing was observed with MAP-1. This 
activation strategy may have been a factor in this profile demonstrating the 
lowest hip adduction across the profiles, while also exhibiting minimal hip 
internal rotation. Subsequently, the elevated activation of the gluteus 
maximus may have served as a compensatory factor for the high levels of 
preparatory vastus lateralis activity seen with MAP-1, to avoid an abducted 
knee posture by controlling frontal and transverse plane motion at the hip. 
Appropriate preparatory activation of muscles at the knee, combined with 
appropriate activation of the hip muscles during landing may serve as a useful 
neuromuscular strategy for limiting frontal plane knee motion. 
Transverse plane rotations and moments at the knee are also often implicated 
in ACL injury risk.[20-22, 99] Internal or external rotation at the knee (i.e. internal 
or external rotation of the tibia relative to the femur) is frequently observed 
during ACL injury occurrences,[99] while large increases in ACL loads are seen 
when internal rotation moments are applied at the knee.[20-22] Differences in the 
magnitude of transverse plane rotations and moments were found between 
the three activation profiles. With regard to transverse plane rotations at the 
knee, each profile exhibited certain high-risk characteristics. While MAP-2 
displayed minimal transverse plane rotation at initial contact, this profile 
demonstrated the largest peak knee internal rotation angles. In contrast, MAP-
2 and MAP-3 landed in a position of external rotation at the knee. These two 
profiles also exhibited a degree of internal rotation at the knee throughout the 
landing. Based on this data, it appears none of the activation profiles provided 
sufficient support against potentially high-risk transverse plane movement 
strategies at the knee. With regard to transverse plane moments at the knee, 
MAP-1 exhibited larger knee internal rotation moments than the remaining 
profiles. While these differences were present, the magnitude of the transverse 
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plane knee moments experienced during the landing task were small and 
negligible relative to knee moments in the remaining planes. It is unlikely that 
this small difference (~ 0.04 Nmkgm-1) substantially increased the level of ACL 
injury risk for this profile. The small magnitude of transverse plane knee 
moments seen in this study is not surprising, as comparable values have been 
observed in previous work examining a similar netball-specific landing 
task.[253] 
Limited knee flexion during landing has been linked to higher ACL loads[25] 
and ACL injuries often occur with the knee in a relatively extended position.[97-
99] As ACL injuries are proposed to occur within the first 50 ms of landing[98] 
and peak ACL loads occur during the deceleration phase of landing,[27] knee 
flexion at initial contact and during the early stages of landing is an important 
biomechanical strategy for reducing ACL injury risk. Smaller knee flexion 
angles at initial contact and through the first 30ms after initial contact were 
seen with MAP-1. Greater preparatory activation of the quadriceps relative to 
the hamstrings has been linked to a reduction in initial contact knee flexion 
angles during landing.[178] While all of the activation profiles exhibited greater 
preparatory activation of the hamstrings relative to the quadriceps; MAP-1 
tended to exhibit the highest preparatory activation of the quadriceps muscles, 
while also exhibiting lower preparatory activation of the hamstrings. In 
addition, MAP-1 exhibited the greatest activation of rectus femoris, a primary 
knee extensor, during the early stages of landing. These activation 
characteristics may have been a contributing factor to the less flexed posture 
at the knee at initial contact and through the early stages of landing seen with 
this profile. 
Despite the differences between profiles, a number of similar neuromuscular 
strategies were also observed. Across all profiles, the quadriceps and 
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gastrocnemius muscles tended to be the highest activated muscles within 
muscle synergy one, while the quadriceps were also highly activated within 
muscle synergy two. The external knee flexion moment was the largest of all 
moments measured during the leap landing task. Activation of the quadriceps 
would be required to counteract these external loads and decelerate the shank, 
with this being a potential reason for the high levels of activation seen in this 
muscle group during landing across all profiles. Further, recent work has 
suggested the plantarflexors play an important role in unloading the ACL,[184] 
and co-contraction of the gastrocnemius and quadriceps may serve to elevate 
joint compression and protect the knee from external joint loading during 
single-leg landing.[185] Considering these factors, the higher levels of activation 
seen in the quadriceps and gastrocnemius at and after initial contact may 
represent a requirement rather than a selective activation strategy to ensure 
the knee is protected from the external loads experienced during the landing 
task. An additional similarity across the profiles was the ratio of quadriceps to 
hamstrings activation. The quadriceps and hamstrings tended to be the 
highest and lowest activated muscles, respectively, within muscle synergies 
one and two (i.e. around and after initial contact). This imbalance may stem 
from the female cohort used for this study. Studies comparing the muscle 
activation patterns of males and females during landing tasks have found 
females tend to exhibit a ‘quadriceps dominant’ activation strategy.[59, 120, 129, 130] 
The favoured activation of the quadriceps over the hamstrings may therefore 
be an inherent trait of all muscle activation profiles employed by females 
during landing tasks. The need to balance hamstrings and quadriceps 
activation is important within female athletes, as a high quadriceps-hamstring 
activation ratio has been linked to biomechanical factors associated with ACL 
loading and injury risk.[177] The presence of an imbalance between quadriceps 
and hamstring activation regardless of the activation profile used suggests 
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ACL injury prevention programs targeting female athletes may require a 
general goal of increasing hamstrings muscle activation. 
As in the previous chapter, it is important to acknowledge that this study 
focused solely on muscle activation during the high-risk sporting task. The 
physiological characteristics and strength of muscles are likely to be key 
factors in protecting the knee and ACL during high-risk landing tasks, and 
thus also require consideration in identifying neuromuscular contributions to 
ACL injury risk. Individuals with differences in muscle physiology may need 
to utilise different activation profiles to protect the ACL from potentially 
hazardous joint postures and loads. Neuromusculoskeletal modelling 
approaches allow the inclusion of muscle strength and length parameters, 
while also calculating muscle forces during task performances. The use of 
these approaches in conjunction with the assessment of muscle activation 
profiles may assist in achieving a greater overall understanding of 
neuromuscular contributions to ACL injury risk, and how this may vary across 
individuals with different muscle physiology. 
An additional limitation of this study was that data pertaining to trunk 
biomechanics, and subsequently the centre of mass position were not 
collected. Positioning of the centre of mass plays an important role in 
modulating ACL injury risk.[167, 255, 372] Furthermore, the landing task examined 
encompassed a flight phase where centre of mass position may have varied 
from trial-to-trial. The positioning of centre of mass during the flight phase of 
the movement may play an important role in dictating the muscle activation 
profile required to perform the landing manoeuvre in a safe manner. Variable 
centre of mass positions during the preparatory or flight phase of high-risk 
sporting tasks may require different muscle activation profiles in order to 
prevent lower limb biomechanical postures linked to ACL loading or injury 
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risk. Future work examining muscle activation profiles during high-risk 
sporting tasks should also consider the relationship between preparatory 
biomechanics and neuromuscular control. 
5.5 Conclusions 
This study found multiple muscle activation profiles were utilised during 
repeat performances of a high-risk landing task. While multiple activation 
profiles were identified, individual’s tended to persevere with a preferred 
profile through the majority of landing trials. ‘Safe’ and ‘high-risk’ activation 
profiles were not identified. Rather, specific muscle activation characteristics 
or combinations of activation characteristics within profiles were linked with 
the presence of biomechanical deficits linked to ACL loading or injury risk. 
Injury prevention programs directed at improving neuromuscular control 
during high-risk landing tasks may need to target these specific muscle 
activation characteristics in order to reduce ACL injury risk. As different 
activation profiles were seen across individuals, implementing injury 
prevention programs in a universal manner may not be appropriate. Tailored 
injury prevention programs targeting the specific neuromuscular deficits 
relevant to the individual may induce more beneficial neuromuscular 
adaptations for reducing ACL injury risk. 
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Chapter Six: Exploring Individual 
Adaptations to an Anterior Cruciate 
Ligament Injury Prevention Program 
 
6.1 Introduction 
Numerous studies have highlighted the benefits of anterior cruciate ligament 
(ACL) injury prevention programs in altering neuromuscular and 
biomechanical factors associated with ACL injury risk.[34-45, 68, 69, 71-75, 79, 166, 201, 213-
217] The success of ACL injury prevention programs is generally defined by a 
reduction in the total number or rate of ACL injuries, or by a change in 
neuromuscular or biomechanical factors associated with ACL loading or 
injury risk. Regardless of the outcome of interest, an overall improvement in 
the training group (in isolation or relative to a control group) is deemed 
successful, with little attention paid to the individual responses. Despite the 
apparent success of injury prevention programs in recent times, ACL injury 
rates have remained relatively unchanged.[1, 2] A focus on group results limits 
our understanding of how different individuals respond to training, and this 
may be a factor that is restricting our understanding of the mechanisms that 
underpin failure or success of ACL injury prevention programs. Certain 
individuals have been shown to exhibit detrimental responses to training, 
even when an overall improvement has been observed at the group level.[71] It 
may therefore be erroneous to expect that everyone will gain similar benefits 
from the same training stimulus. Despite this, individual responses to ACL 
injury prevention programs have received little attention. 
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Certain studies have considered the individual responses to ACL injury 
prevention programs.[71, 82, 83] Where this has been examined, non-uniform 
neuromuscular and biomechanical adaptations have been observed.[71, 82, 83] 
Cowling et al.[82] found individuals displayed non-uniform adaptations in 
quadriceps and hamstrings muscle activation strategies during a unilateral 
netball-specific landing task, despite completing identical training programs. 
No differences were found from pre- to post-training when examining the 
group, highlighting the potential of individual responses to be masked when 
focusing on data at the group level. Variable adaptations to lower limb 
biomechanics have also been observed following ACL injury prevention 
programs.[71, 83, 84] Pollard et al.[71] concluded an in-season injury prevention 
program had a beneficial effect on frontal and transverse plane hip motion 
when performing a jump-landing task. Upon examination of individual data, 
some athletes were found to have greater improvements in the frontal versus 
transverse plane, and vice versa.[71] It was suggested that athletes exhibited 
greater changes in the plane they demonstrated a pre-existing high-risk 
pattern.[71] However, certain athletes exhibited detrimental adaptations 
following training, suggesting that not all responded favourably to the 
training program.[71] Further, Dempsey et al.[83] found certain athletes exhibited 
large favourable responses in torso rotation during a side-step cutting 
manoeuvre following training, while others did not. The authors also 
hypothesised that these athletes may have displayed a more high-risk 
technique at baseline, and hence obtained a greater benefit from training. 
There is evidence to support the hypothesis that the level of ACL injury risk 
prior to commencing an injury prevention program is a modulating factor in 
the magnitude of response to training.[84] Myer et al.[84] saw a greater decrease 
in knee abduction moments during a bilateral drop vertical jump task in 
‘high-‘ (knee abduction moment > 22.5 Nm during a drop vertical jump) versus 
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‘low-risk’ athletes. It is, however, yet to be established whether this effect 
exists for high-risk sport-specific tasks associated with ACL injuries. 
Of the studies which have examined individual changes following an ACL 
injury prevention program, there appears to be a consensus that not all athletes 
respond in a similar manner to the same training stimulus. 
While a large number of studies have assessed biomechanical 
and neuromuscular adaptations following an injury prevention 
program,[34-36, 38-45, 68, 69, 71-75, 79, 83, 166, 201, 213-217] very few of these have specifically 
focused on the variable responses of individuals within the training group. 
Failure to examine these individual responses may impact on our 
understanding of what does or does not constitute effective ACL injury 
prevention practice. For example; where an injury prevention program has 
been shown to produce favourable responses at the group level, we may 
conclude that this program is effective. However, it may be that not all 
individuals who complete the program receive the perceived benefits, and 
thus may still be at-risk of ACL injury. A greater understanding of how 
different individuals respond to an identical training stimulus can allow for 
better development of ACL injury prevention programs that provide a benefit 
to all involved. In addition, examining individual responses and the 
characteristics of participants exhibiting different responses may maximise 
our ability to provide targeted or individualised injury prevention programs.  
The purpose of this study was to examine the effects of an ACL injury 
prevention program on neuromuscular control and lower limb biomechanics 
during a high-risk landing task at the group and individual level. Specifically, 
this study aimed to: (i) investigate the effects of an ACL injury prevention 
program on neuromuscular control and lower limb biomechanics during a 
high-risk landing task at the group level by comparing the overall responses 
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between a control and training group; (ii) investigate the effects of an ACL 
injury prevention program at the individual level by examining the individual 
neuromuscular and biomechanical responses of athletes within a training 
group; and (iii) determine whether individuals’ deemed as ‘high-risk’ at 
baseline based on peak knee abduction moments during a high-risk landing 
task received a greater prophylactic benefit from the ACL injury prevention 
program. It was hypothesised that the training group overall would benefit 
from the injury prevention program as indicated by improvements in 
neuromuscular and biomechanical risk factors associated with ACL injury; 
however, variable responses to the program would be observed across 
individuals within the training group. In addition, individuals deemed as 
‘high-risk’ for ACL injury would receive a greater prophylactic benefit from 
the training. 
6.2 Methodology 
The majority of the methods employed in this study are comprehensively 
outlined in Chapter Three. The following methods are an abridged version of 
the sections specific to this chapter. 
6.2.1 Participants 
Sixteen healthy sub-elite female netball players (age = 22.7 ± 2.7 years; height 
= 171.8 ± 7.4 cm; mass = 68.6 ± 8.1) volunteered and provided written consent 
to participate in this study. All participants met the inclusion/exclusion criteria 
detailed in Section 3.2 of Chapter Three. Upon study enrolment, participants 
were randomly allocated to a control or training group. Participant 
characteristics of the groups are presented in Table 6.1 (see Page 164). No 
statistically significant differences (p > 0.05) were present for age, height, 
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weight, netball experience, and training frequency or duration between 
groups. 
Table 6.1  Characteristics of participants allocated to control and training 
groups. 
 CONTROL 
(n = 8) 
TRAINING 
(n = 8) 
AGE (y) 23.4 ± 2.7 22.0 ± 2.5 
HEIGHT (cm) 171.6 ± 7.6 172.0 ± 7.6 
WEIGHT (kg) 69.8 ± 11.0 67.9 ± 4.8 
NETBALL EXPERIENCE (y) 14.3 ± 3.7 11.3 ± 4.8 
TRAINING FREQUENCY 2.0 ± 1.1 2.0 ± 1.1 
TRAINING DURATION 146.3 ± 96.8 162.5 ± 109.2 
Training frequency reported as number of netball-specific training sessions per week; training 
duration reported as the average duration (in minutes) of all netball-specific training per week. 
6.2.2 Experimental Procedures 
Data from the netball-specific landing task (i.e. the leap landing), as described 
in Section 3.3.1 of Chapter Three, performed during testing sessions one (i.e. 
baseline) and two (i.e. six-weeks) were used within this study. Participants 
performed 20 successful trials of the leap landing on a predetermined ‘landing 
limb’ at both testing sessions. The landing limb was determined at the baseline 
session by asking participants which limb they would be more comfortable 
landing on when catching a pass during a game. Further to this, players were 
given an opportunity to trial landing on each limb to identify which they were 
more comfortable landing on. Each landing trial was initiated by breaking and 
accelerating from a static defender (model skeleton) from a position six-metres 
from the landing area, followed by a run-up and leap landing whilst catching 
a pass (see Figure 6.1, Page 165). Trials were repeated until the 20 successful 
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trials were recorded. Participants were allocated 60-90 seconds rest between 
trials in an effort to minimise fatigue.[134, 255] Electromyography, kinematic and 
kinetic data collected from the participants ‘landing limb’ during all landing 
trials were used within this study. 
 
Figure 6.1 Sagittal view of the leap landing task. 
6.2.2.1 ACL Injury Prevention Program 
Participants allocated to the training group were asked to complete a six-week 
ACL injury prevention program between testing sessions. The injury 
prevention program used was the ‘Down 2 Earth’ (D2E) program.[258] The 
specifics of this program, including the exercises and techniques used are 
described in Section 3.3.5 of Chapter Three. The main tenet of the program is 
that improved landing technique can be facilitated via a feedback schedule, 
directing focus to key guidelines for safe and effective landing technique (see 
Figure 6.2, Page 166).[258, 259] The program incorporated a core set of exercises 
around this feedback protocol; involving stationary jump-landings, 
directional jump-landings, lunging, and netball-specific landing 
movements.[258] These core exercises were progressed throughout the six-week 
program by adding to or varying the movement to increase difficulty. 
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Figure 6.2 Visual feedback guidelines for safe and effective landing 
technique used within the ‘Down 2 Earth’ injury prevention 
program. Adapted and reproduced with permission from 
Saunders et al.[258]  
Participants were asked to complete a total of three sessions per week; where 
one session was completed under supervision of a research team member, and 
the remaining two conducted as ‘home-based’ sessions completed by the 
participant individually. The home-based sessions were designed to replicate 
the training sessions conducted under supervision, with some modifications 
where applicable.[254] Attendance at the supervised sessions were recorded. 
Participants were given a training booklet (see Appendix D, Page 379) that 
guided them through the home-based sessions and contained a diary page to 
monitor attendance to these training sessions. Attendance (%) was calculated 
as the total number of sessions completed relative to the total number of 
sessions across the program (i.e. three sessions by six-weeks = 18). 
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6.2.3 Data Collection and Analysis 
Electromyography (EMG), and kinematic and kinetic data from the leap 
landing task were collected and analysed as per the procedures outlined in 
Section 3.4.1 and 3.4.2, respectively, of Chapter Three. Briefly, surface EMG 
data were collected unilaterally from eight lower limb muscles (gluteus 
maximus [GMAX], gluteus medius [GMED], medial hamstrings [MHAM], 
lateral hamstrings [LHAM], rectus femoris [RF], vastus lateralis [VL], vastus 
medialis [VM], and lateral gastrocnemius [GAS]) on the participants’ ‘landing 
limb’ using wireless parallel-bar electrodes (Delsys Trigno, Delsys 
Incorporation, Boston, MA, United States). All EMG data were processed 
using custom MATLAB (version R2014a) (The Mathworks Incorporated, 
Natick, MA, United States) programs. Raw EMG signals were online 
processed using a bandpass filter between 10 and 500 Hz, and later offline 
processed using a 20 Hz high-pass fourth-order zero-lag Butterworth digital 
filter to reduce the effects of movement artefact; full-wave rectified; and 
converted to a linear envelope via a 6 Hz low-pass fourth-order zero-lag 
Butterworth digital filter. EMG data recorded during landing trials were 
amplitude normalised (% MVC) to the larger of the peak value recorded 
during maximal voluntary isometric contractions or the peak EMG activity 
during landing trials.[282, 288] EMG data were extracted from 150 ms prior 
through to 300 ms post initial contact (IC) across all landing trials for 
subsequent analyses. This window was chosen as previous research 
examining a similar single-limb catch and land task has shown lower limb 
muscle onsets occur up to 150 ms prior to landing and remain active for a 
period of up to 380 ms.[54] 
As in the previous two studies, muscle synergies were used to represent 
muscle activation during the landing task. The extracted EMG data from both 
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groups and time points were collated and factorised by applying a non-
negative matrix factorisation (NMF) algorithm[298] (as outlined in Section 
3.4.1.3.1 of Chapter Three) to obtain the muscle synergy components, those 
being the time-variant muscle activation coefficients and time-invariant 
muscle weighing coefficients. The NMF algorithm was iterated by varying the 
number of synergies between one and six, with the number of synergies that 
resulted in greater than 90% mean total variance accounted for (ܸܣܨ) between 
experimental and reconstructed EMG data retained. ܸܣܨ was also calculated 
across individual muscles (ܸܣܨ௠௨௦௖௟௘) to ensure that each muscle’s activity 
patterns were accounted for by the retained synergies (i.e. ܸܣܨ௠௨௦௖௟௘ > 75%).[48] 
Following factorisation, the muscle activation coefficients were normalised to 
their maximum value (i.e. each activation coefficient had a maximum value of 
1), with the muscle weighing coefficients within each of the muscle synergies 
scaled by the same respective factor.[49, 294] The muscle weighing coefficients 
from individual muscles across the identified synergies were treated as 
separate dependent variables within this study. This was done as it was 
deemed important that specific changes in muscle activation characteristics 
stemming from the ACL injury prevention program could be detected.  
Three-dimensional (3D) kinematics and kinetics of the lower limb were 
computed using an established musculoskeletal model.[305, 310] An eight camera 
3D motion capture system (Vicon, Oxford Metrics Limited, Oxford, United 
Kingdom) sampling at 250 Hz, synchronised with a 600 x 900 mm in ground 
force plate (Advanced Medical Technology Incorporated, Watertown, MA, 
United States) sampling at 1000 Hz collected marker trajectory and ground 
reaction force (GRF) data. Marker trajectory and GRF data were low-pass 
filtered using a cubic smoothing spline with a cut-off frequency of 12 Hz. 
Three-dimensional hip and knee joint rotations were calculated from filtered 
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marker trajectory data using an X-Y-Z Cardan angles sequence; with the X, Y 
and Z axes representing joint rotations in the sagittal, frontal and transverse 
planes, respectively.[138] Kinematic data were expressed relative to each 
participant’s stationary (neutral) trial.[56, 310, 311] Three-dimensional hip and knee 
external joint moments were calculated by submitting the filtered marker 
trajectory and GRF data to a conventional inverse dynamics analysis.[261] Joint 
moments were expressed in the reference frames of the joint coordinate 
systems and were normalised by dividing the total joint moment (Nm) by the 
product of the participant’s weight and height (kgm). Joint rotation and 
moment data were extracted from the instance of IC to 150 ms post IC across 
all landing trials. This time window was chosen for biomechanical variables 
as ACL injuries are thought to occur within the early deceleration phase of 
landing.[161] 
Previous studies within this thesis have used one-dimensional statistical 
parametric mapping (SPM1D) to assess differences in joint rotations and 
moments, and have therefore not required any further reduction of the 
waveform data. Within this study, a repeated measures approach was used 
across statistical tests. Current SPM1D repeated measures procedures only 
support balanced designs (i.e. same number of observations for all possible 
combinations of factors).[371] As different participants made up the control and 
training groups, the criteria for a balanced design was not met and SPM1D 
could not be used. When applied to continuous waveforms, such as joint 
rotation and moment data, principal component analysis (PCA) has a number 
of similar benefits to SPM1D. PCA can be used to view an entire waveform as 
function, preserving the main features and patterns of the curve.[333] This 
ensures the majority of the data along the waveform is considered in 
subsequent analyses. Further, PCA removes the need to pre-select discrete 
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features from the waveform, removing the potential for regional focus bias.[338] 
With these factors in mind, PCA was used in place of SPM1D within this study 
to reduce the joint rotation and moment waveform data to discrete values that 
could be input as dependent variables for repeated measures analyses. 
Kinematic and kinetic data were exported to MATLAB and submitted to PCA 
to identify the lower limb biomechanical patterns from the leap landing task. 
Patterns were extracted for hip flexion/extension (HFLEX/EXT), 
adduction/abduction (HADD/ABD), and internal/external rotation (HIR/ER); knee 
flexion/extension (KEXT/FLEX), adduction/abduction (KADD/ABD), and 
internal/external rotation (KIR/ER); hip extension/flexion moments (HEXT/FLEX 
Mom.), abduction/adduction moments (HABD/ADD Mom.), and external/internal 
rotation moments (HER/IR Mom.); and knee flexion/extension moments 
(KFLEX/EXT Mom.); abduction/adduction moments (KABD/ADD Mom.); and 
external/internal rotation moments (HER/IR Mom.). The n number of principal 
patterns (PP) that summed to explain at least 90% of the variation in the 
waveform were retained and referred to as PP1, PP2, …, PPn.[276, 327] The 90% 
criterion was chosen as this value has been previously used when examining 
lower limb biomechanical waveforms.[326, 335] Principal pattern scores (PP-
Scores) were then computed for each biomechanical pattern across each joint 
rotation and moment variable. Principal pattern interpretation was achieved 
by examining the waveforms obtained by adding and subtracting a suitable 
multiple of the patterns loading vector to the mean of the relevant 
waveform.[333]  
Due to its relationship to future ACL injury,[160] the peak knee abduction 
moment (pKAM) was used as the dependent variable for categorising 
participants as ‘high-’ or ‘low-risk’.[84] Participants who recorded an average 
normalised pKAM greater than 0.66 Nmkgm-1 were classified as ‘high-risk,’ 
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with the remainder classified as ‘low-risk.’ This value represented the 66th 
percentile cut-off for pKAM in the examined cohort, thus the ‘high-risk’ group 
consisted of the top third of participants for pKAM. While participants below 
this threshold may have exhibited pKAMs that could still place them at-risk 
of injury, the percentile cut-off identified the highest risk individuals relative 
to the remainder of the cohort. 
6.2.4 Statistical Analysis 
Normality of data distribution within groups and time points, and equality of 
variance between groups and time points was confirmed for all of the 
dependent variables via non-significant (p > 0.05) Shapiro-Wilk and Levene 
statistics, respectively. As the assumptions of normality and equality of 
variance were not violated, parametric tests were utilised. 
A series of statistical tests were conducted as follows. First; two separate two-
way factorial analysis of variance (ANOVAs) tests (group x time and 
participant x time) were conducted using approach speed as the dependent 
variable, to determine whether approach speed was required as a covariate for 
subsequent analyses. 
Second; separate 2 x 2 (group x time) repeated measures ANOVA were used 
to test for the main and interaction effects of group (control vs. training) and 
time (baseline vs. six-weeks) on all dependent variables (i.e. muscle synergy 
weighing coefficients and biomechanical PP-Scores). This analysis determined 
whether there was an effect of the injury prevention program at the group 
level. Where statistically significant main or interaction effects were identified, 
post-hoc analyses of simple main effects within and between groups and time 
points were undertaken using Tukey’s honest significant difference (HSD) 
tests to identify where specific differences occurred. 
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Third; data from the training group was isolated and used in separate 8 x 2 
(participant x time) repeated measures ANOVA to test for the main and 
interaction effects of participant and time (baseline vs. six-weeks) on all 
dependent variables. This analysis determined whether there were differences 
in the response to the injury prevention program within the training group.[388] 
No post-hoc tests were conducted on individual data. Rather, when a 
statistically significant participant x time interaction was observed, effect sizes 
(Cohen’s d) were used to examine the magnitude of the effect of the injury 
prevention program across individuals. Effect sizes (Cohen’s d) were 
calculated based on the change in the dependent variable from baseline to six-
weeks across individuals. In addition, individual change scores from baseline 
to six-weeks were calculated across all dependent variables for both control 
and training group participants. The standard deviation of these change scores 
for each group were descriptively compared to examine the magnitude of 
individual variation of each group. This analysis helped establish whether any 
variability in individual responses observed was a result of the training 
program rather than simply test-retest variation. 
Fourth; separate 2 x 2 x 2 (group x time x risk level) repeated measures 
ANOVA were used to test for the main and interaction effects of group 
(control vs. training), time (baseline vs. six-weeks) and risk level (‘high-‘ vs. 
‘low-risk’) on all dependent variables. This analysis determined whether 
individuals deemed as ‘high-risk’ received a greater benefit from training in 
comparison to ‘low-risk’ individuals.[84] As above, statistically significant main 
or interaction effects were followed by post-hoc analyses of simple main 
effects within and between factors using Tukey’s HSD tests to identify where 
specific differences occurred. Non-significant post-hoc tests were expected 
due to the limited sample within each group and risk level combination. 
Individual Adaptations to ACL Injury Prevention 
 
173 
Cohen’s d was therefore used to estimate the effect sizes for all non-significant 
post-hoc comparisons.[269] 
An exploratory alpha level of 0.05 was used to determine statistical 
significance for the main and interaction effects within all ANOVA tests.[84, 388] 
Across all tests, partial eta squared (η2) was used as a measure of effect size for 
main and interaction effects, with the interpretation of effect size values 
guided by Miles and Shevlin[383] (small η2 = 0.01; medium η2 = 0.06; large η2 = 
0.14). A Bonferroni correction was applied to an initial alpha level of 0.05 
across all post-hoc analyses based on the number of comparisons being made 
within a simple main effects test. Effect sizes (Cohen’s d) for post-hoc 
difference tests were calculated based on the change in the dependent variable 
from baseline to six-weeks. Interpretation of effect sizes was guided by 
Cohen[384] (small d = 0.2; medium d = 0.5; large d = 0.8). 
6.3 Results 
All participants from the control and training groups completed the baseline 
and six-weeks testing sessions. No participants from the training group were 
excluded based on their reported attendance to the training program (see 
Table 6.2, Page 174). However, as these values varied across participants they 
were taken into account when interpreting potential differences in individual 
responses. 
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Table 6.2 Reported attendance to the injury prevention program for 
participants in the training group (n = 8; T1 – T8). 
Participant 
SUPERVISED 
SESSIONS 
( / 6) 
HOME-BASED 
SESSIONS 
( / 12) 
TOTAL 
SESSIONS 
( / 18) 
n % n % n % 
T1 6 100.0 12 100.0 18 100.0 
T2 5 83.3 12 100.0 17 94.4 
T3 4 66.7 9 75.0 13 72.2 
T4 6 100.0 6 50.0 12 66.7 
T5 5 83.3 9 75.0 14 77.8 
T6 5 83.3 6 50.0 11 61.1 
T7 6 100.0 6 50.0 12 66.7 
T8 5 83.3 7 58.3 12 66.7 
T – Training Participant 
 
  
Individual Adaptations to ACL Injury Prevention 
 
175 
Using the criteria previously described in Chapter Three (i.e. overall ܸܣܨ > 
90% and ܸܣܨ௠௨௦௖௟௘ > 75%), three muscle synergies were retained from the 
extracted EMG data (see Figure 6.3). 
 
A. 
 
 
B. 
 
 
Figure 6.3 A) Mean total variance accounted for (ࢂ࡭ࡲ) relative to the 
number of extracted muscle synergies. B) ࢂ࡭ࡲ࢓࢛࢙ࢉ࢒ࢋ relative to 
the number of extracted muscle synergies. GMAX – gluteus 
maximus; GMED – gluteus medius; MHAM – medial 
hamstrings; LHAM – lateral hamstrings; RF – rectus femoris; 
VL – vastus medialis; GAS – gastrocnemius. 
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Despite additional data from testing session two being included in this 
analysis, the muscle synergies identified were almost identical to those of the 
previous studies (i.e. Chapters Four and Five). Inspection of the activation 
coefficients associated with each muscle synergy (see Figure 6.4) indicated that 
the first synergy captured muscle activation around initial contact (i.e. at 
landing), the second captured muscle activation after initial contact (i.e. post 
landing), and the third captured muscle activation prior to initial contact (i.e. 
preparatory activity). 
 
  
Figure 6.4 Normalised activation coefficients of the three muscle 
synergies extracted from the factorisation of EMG data. 
Dashed vertical line represents initial landing contact (IC). 
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Principal patterns were extracted for leap landing joint rotations and moments 
via PCA (see Table 6.3, Page 178 and Table 6.4, Page 179, respectively). A 
graphical display of the patterns associated with high and low PP-Scores for 
each PP is provided in Appendix G (see Page 396). 
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The following sections detail the results of the statistical tests undertaken. 
6.3.1 Approach Speed 
The group x time factorial ANOVA revealed no main effect for group (p = 
0.421, η2 = 0.004) or time (p = 0.232, η2 = 0.008). Similarly, no group x time 
interaction was observed (p = 0.301, η2 = 0.011). This finding required no 
further consideration of approach speed for the analyses conducted at the 
group level, and indicated that any changes were not due to differences in 
approach speed between the two groups or testing sessions. In contrast, the 
participant x time factorial ANOVA revealed a statistically significant main 
effect for participant (p < 0.001, η2 = 0.618), indicating that approach speed 
differed between individuals. Based on these results, approach speed was 
included as a covariate for the repeated measures analyses that used 
participant as a factor. No main effect was observed for time (p = 0.231, η2 = 
0.009) or for the participant x time interaction (p = 0.363, η2 = 0.012), indicating 
that any individual changes over time were not due to differences in approach 
speed between the two testing sessions. 
6.3.2 Group Analysis 
The mean muscle synergy weighing coefficient data for the control and 
training groups across the two testing sessions are presented in Figure 6.5 (see 
Page 181) and Table 6.5 (see Page 182). Mean EMG waveform data from 150 
ms prior through to 300 ms post IC during the leap landing task for the control 
and training groups across the two testing sessions are presented in Figure 6.6 
(see Page 183). 
  
181 
Individual Adaptations to ACL Injury Prevention 
 
Fi
gu
re
 6
.5
 
M
ea
n 
(±
 S
D
) 
m
us
cl
e 
sy
ne
rg
y 
w
ei
gh
in
g 
co
ef
fi
ci
en
t v
al
ue
s 
fr
om
 t
he
 le
ap
 la
nd
in
g 
ta
sk
 f
or
 th
e 
co
nt
ro
l a
nd
 tr
ai
ni
ng
 
gr
ou
ps
 fr
om
 b
as
el
in
e 
to
 s
ix
-w
ee
ks
. 
 
 
  
182 
Individual Adaptations to ACL Injury Prevention 
Ta
bl
e 
6.
5 
M
ea
n 
(±
 S
D
) m
us
cl
e 
sy
ne
rg
y 
w
ei
gh
in
g 
co
ef
fi
ci
en
t v
al
ue
s 
fr
om
 t
he
 le
ap
 la
nd
in
g 
ta
sk
 f
or
 th
e 
co
nt
ro
l a
nd
 tr
ai
ni
ng
 
gr
ou
ps
 fr
om
 b
as
el
in
e 
to
 s
ix
-w
ee
ks
. 
M
us
cl
e 
M
us
cl
e 
Sy
ne
rg
y 
1 
(A
ct
iv
at
io
n 
ar
ou
nd
 IC
) 
 
M
us
cl
e 
Sy
ne
rg
y 
2 
(A
ct
iv
at
io
n 
af
te
r I
C
) 
 
M
us
cl
e 
Sy
ne
rg
y 
3 
(A
ct
iv
at
io
n 
pr
io
r t
o 
IC
) 
C
O
N
TR
O
L 
TR
A
IN
IN
G
 
 
C
O
N
TR
O
L 
TR
A
IN
IN
G
 
 
C
O
N
TR
O
L 
TR
A
IN
IN
G
 
BL
 
6W
 
BL
 
6W
 
 
BL
 
6W
 
BL
 
6W
 
 
BL
 
6W
 
BL
 
6W
 
G
M
A
X
 
3.
20
 ±
 1
.1
5 
3.
29
 ±
 1
.2
4 
2.
73
 ±
 0
.9
6 
3.
00
 ±
 1
.5
6 
 
1.
09
 ±
 0
.5
5 
0.
86
 ±
 0
.4
5 
1.
16
 ±
 0
.6
3 
0.
54
 ±
 0
.2
3 
 
0.
91
 ±
 0
.5
9 
1.
11
 ±
 0
.2
9 
0.
77
 ±
 0
.5
3 
1.
20
 ±
 0
.3
2 
G
M
ED
 
2.
76
 ±
 0
.8
9 
3.
06
 ±
 0
.8
7 
3.
67
 ±
 1
.1
0 
3.
54
 ±
 0
.7
8 
 
1.
28
 ±
 0
.6
6 
1.
14
 ±
 0
.6
3 
1.
46
 ±
 0
.7
7 
1.
09
 ±
 0
.6
5 
 
0.
97
 ±
 0
.4
6 
1.
24
 ±
 0
.4
3 
1.
83
 ±
 0
.6
7 
1.
85
 ±
 0
.6
1 
M
H
A
M
 
2.
29
 ±
 1
.2
9 
1.
78
 ±
 0
.7
3 
1.
20
 ±
 0
.6
0 
1.
50
 ±
 0
.9
0 
 
0.
97
 ±
 0
.3
5 
0.
91
 ±
 0
.5
1 
0.
76
 ±
 0
.3
4 
0.
69
 ±
 0
.3
2 
 
3.
04
 ±
 0
.8
3 
2.
74
 ±
 1
.0
8 
3.
02
 ±
 0
.8
5 
3.
31
 ±
 1
.1
2 
LH
A
M
 
2.
08
 ±
 1
.8
2 
2.
06
 ±
 0
.9
0 
1.
88
 ±
 1
.3
5 
1.
50
 ±
 1
.0
3 
 
0.
79
 ±
 0
.4
2 
0.
72
 ±
 0
.4
4 
1.
18
 ±
 0
.9
5 
0.
75
 ±
 0
.4
0 
 
2.
16
 ±
 0
.7
1 
2.
00
 ±
 0
.9
6 
2.
64
 ±
 1
.1
0 
2.
76
 ±
 0
.9
9 
R
F 
4.
75
 ±
 1
.1
6 
4.
70
 ±
 1
.2
6 
3.
49
 ±
 1
.0
6 
3.
12
 ±
 1
.2
2 
 
2.
37
 ±
 1
.2
7 
1.
43
 ±
 0
.6
3 
4.
29
 ±
 1
.6
2 
4.
29
 ±
 1
.4
4 
 
0.
47
 ±
 0
.4
4 
0.
38
 ±
 0
.4
9 
0.
57
 ±
 0
.5
4 
0.
58
 ±
 0
.4
5 
V
L 
4.
14
 ±
 0
.6
5 
4.
57
 ±
 1
.3
0 
4.
10
 ±
 0
.8
5 
3.
92
 ±
 1
.2
9 
 
2.
02
 ±
 0
.8
0 
1.
56
 ±
 0
.6
2 
2.
49
 ±
 0
.9
0 
2.
39
 ±
 0
.9
9 
 
0.
90
 ±
 0
.6
3 
0.
81
 ±
 0
.7
2 
1.
09
 ±
 0
.5
2 
0.
98
 ±
 0
.7
4 
V
M
 
3.
83
 ±
 1
.1
5 
4.
74
 ±
 1
.2
6 
4.
80
 ±
 1
.0
3 
3.
78
 ±
 1
.4
4 
 
2.
13
 ±
 0
.8
8 
1.
91
 ±
 0
.9
8 
2.
61
 ±
 1
.0
6 
2.
66
 ±
 1
.0
8 
 
0.
83
 ±
 0
.2
8 
0.
86
 ±
 0
.6
9 
0.
83
 ±
 0
.6
3 
0.
87
 ±
 0
.4
8 
G
A
S 
4.
77
 ±
 1
.6
5 
5.
58
 ±
 1
.3
2 
5.
08
 ±
 1
.3
8 
4.
04
 ±
 1
.3
8 
 
1.
18
 ±
 0
.6
9 
0.
75
 ±
 0
.9
3 
0.
95
 ±
 0
.4
8 
0.
65
 ±
 0
.1
9 
 
1.
04
 ±
 0
.4
1 
0.
78
 ±
 0
.4
9 
0.
89
 ±
 0
.4
3 
1.
46
 ±
 1
.6
1 
IC
 –
 in
iti
al
 c
on
ta
ct
; B
L 
– 
ba
se
lin
e;
 6
W
 –
 s
ix
 w
ee
ks
; G
M
A
X 
– 
gl
ut
eu
s 
m
ax
im
us
; G
M
ED
 –
 g
lu
te
us
 m
ed
iu
s;
 M
H
A
M
 –
 m
ed
ia
l h
am
st
ri
ng
s; 
LH
A
M
 –
 la
te
ra
l h
am
st
ri
ng
s;
 
RF
 –
 re
ct
us
 fe
m
or
is
; V
L 
– 
va
st
us
 la
te
ra
lis
; V
M
 –
 v
as
tu
s 
m
ed
ia
lis
; G
A
S 
– 
ga
st
ro
cn
em
iu
s. 
 
Individual Adaptations to ACL Injury Prevention 
 
183 
 
Figure 6.6 Mean EMG waveform data from 150 ms prior through to 300 
ms post initial contact (IC) during the leap landing task for the 
control and training groups at baseline and six-weeks. Dashed 
vertical line represents IC. 
A statistically significant main effect of group was observed for RF activation 
within muscle synergy one (i.e. activation around IC) and two (i.e. activation 
after IC) (p = 0.015, η2 = 0.352 and p < 0.001, η2 = 0.627, respectively). Inspection 
of mean data revealed the training group, irrespective of the time point, 
recorded reduced activation of RF at IC but greater activation of RF after initial 
contact. A statistically significant main effect for group was also observed for 
GMED activation within muscle synergy three (i.e. activation prior to IC) (p = 
0.008, η2 = 0.405). Inspection of mean data revealed the training group, 
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irrespective of the time point, exhibited greater GMED preparatory activation. 
A statistically significant main effect of time was observed for GMAX 
activation within muscle synergy two (p = 0.008, η2 = 0.408). Irrespective of the 
group, GMAX activation after IC was higher at baseline compared to six-
weeks. A statistically significant group x time effect was observed for GAS 
activation with muscle synergy one (p = 0.035, η2 = 0.282) and MHAM 
activation within muscle synergy three (p = 0.019, η2 = 0.333). With regard to 
GAS activation at IC, no difference was observed between the training and 
control group at baseline (p = 0.143, d = 0.164). However, at six-weeks the 
training group exhibited reduced GAS activation at IC compared to the control 
group (p < 0.001, d = 0.812). This difference stemmed from a statistically 
significant increase in GAS activation at IC within the control group (p < 0.001, 
d = 0.426) in conjunction with a statistically significant decrease in GAS 
activation at IC within the training group (p < 0.001, d = 0.549). With regard to 
preparatory MHAM activation, no difference was observed between the 
training and control group at baseline (p = 0.870, d = 0.024). However, at six-
weeks the training group exhibited higher preparatory MHAM activation 
compared to the control group (p < 0.001, d = 0.521). This difference stemmed 
from a statistically significant increase in preparatory MHAM activation 
within the training group only (p < 0.001, d = 0.264). No further statistically 
significant main or interaction effects were observed across muscle activation 
variables.  
The mean hip and knee joint rotations and moments, respectively, from IC 
through to 150 ms post IC during the leap landing task for the control and 
training groups across the two testing sessions are presented in Figure 6.7 (see 
Page 185) and Figure 6.8 (see Page 186).  
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Figure 6.7 Mean hip and knee joint rotations from initial contact (IC) 
through to 150 ms post IC during the leap landing task for the 
control and training groups at baseline and six-weeks. FLEX – 
flexion; EXT – extension; ADD – adduction; ABD – adduction; 
IR – internal rotation; ER – external rotation. 
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Figure 6.8 Mean hip and knee joint moments from initial contact (IC) 
through to 150 ms post IC during the leap landing task for the 
control and training groups at baseline and six-weeks. Mom. – 
moment; EXT – extension; FLEX – flexion; ABD – adduction; 
ADD – adduction; ER – external rotation; IR – internal rotation. 
A statistically significant main effect of time was found for hip flexion PP1 (p 
= 0.003, η2 = 0.477). Irrespective of the group, greater hip flexion PP1 scores 
were observed at baseline compared to six-weeks indicating a reduction in 
overall hip flexion. A statistically significant group x time effect was observed 
for hip internal/external rotation PP2 (p = 0.013, η2 = 0.369) and knee 
flexion/extension moment PP2 (p = 0.016, η2 = 0.347) scores. The control group 
exhibited lower hip internal/external rotation PP2 scores at baseline compared 
to the training group (p < 0.001, d = 0.394), indicating greater hip external 
rotation in the first 30 ms after IC. Decreases in hip internal/external rotation 
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PP2 scores were observed from baseline to six-weeks within the training group 
(p < 0.001, d = 0.476), indicating a more externally rotated hip position in the 
first 30 ms after IC at six-weeks compared to baseline. This resulted in no 
difference between groups for hip external rotation in the first 30 ms after IC 
at six-weeks (p = 0.316, d = 0.269). No difference was observed between the 
training and control group at baseline for knee flexion/extension moment PP2 
scores (p = 0.203, d = 0.668). However, at six-weeks the training group exhibited 
higher knee flexion/extension PP2 scores compared to the control group (p = 
0.020, d = 1.348), indicating a delayed time to peak knee flexion moment. The 
change in knee flexion/extension moment PP2 scores from baseline to six-
weeks failed to reach statistical significance in both the control (p = 0.070, d = 
0.380) and training groups (p = 0.129, d = 0.300). No further statistically 
significant main or interaction effects were observed across the biomechanical 
variables. 
6.3.3 Individual Analysis 
Statistically significant main effects for time were found for LHAM (p < 0.001; 
η2 = 0.088), VM (p < 0.001; η2 = 0.247), and GAS (p < 0.001; η2 = 0.281) within 
muscle synergy one; for GMAX (p < 0.001; η2 = 0.337), GMED (p < 0.001; η2 = 
0.114), LHAM (p < 0.001; η2 = 0.259) and GAS (p < 0.001; η2 = 0.189) within 
muscle synergy two; and for GMAX (p < 0.001; η2 = 0.439) and GAS (p < 0.001; 
η2 = 0.270) within muscle synergy three. Irrespective of the participant; muscle 
weighing coefficient values were higher at baseline across these dependent 
variables, with the exception of GMAX and GAS activation in muscle synergy 
three. In addition, statistically significant main effects for time were found for 
hip flexion/extension PP1 (p < 0.001; η2 = 0.297), hip internal/external rotation 
PP1 (p < 0.001; η2 = 0.256) and PP2 (p < 0.001; η2 = 0.333), knee 
adduction/abduction PP1 (p < 0.001; η2 = 0.791) and hip abduction/adduction 
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moment PP1 (p < 0.001; η2 = 0.765). Irrespective of the participant; reduced hip 
flexion (hip flexion/extension PP1), reduced hip internal and external rotation 
peaks (hip internal/external rotation PP1 and PP2), reduced knee abduction 
but greater knee adduction (knee adduction/abduction PP1), and larger 
overall hip adduction moments (hip abduction/adduction moment PP1) were 
observed at six-weeks compared to baseline. 
Statistically significant main effects for participant (p < 0.001; η2 = 0.394 – 0.852) 
and participant x time interactions (p < 0.001; η2 = 0.190 – 0.714) were seen 
across all muscle activation (i.e. muscle weighing coefficient values) and 
biomechanical (i.e. PP-Scores) dependent variables. Effect sizes were 
calculated for changes from baseline to six-weeks for participants in the 
training group across the muscle activation (see Table 6.6, Page 189; Table 6.7, 
Page 190; and Table 6.8, Page 191) and biomechanical (see Table 6.9, Page 192 
and Table 6.10, Page 193) dependent variables. Larger standard deviations for 
change scores were seen within the training group across the majority of 
dependent variables (see Table 6.11, Page 194; Table 6.12, Page 195; and Table 
6.13, Page 196). The differing effect sizes between participants across the 
majority of dependent variables indicated dissimilar adaptations to the 
training program with regard to the direction and magnitude of the response. 
Further, the larger standard deviations for changes scores observed in the 
training group compared to the control group suggests the variation in 
responses were outside the limits of test-retest variation for the majority of 
dependent variables. 
  
Individual Adaptations to ACL Injury Prevention 
 
189 
 
Table 6.6 Effect sizes (Cohen’s d) for individual changes of participants 
in the training group (n = 8; T1 – T8) from baseline to six-weeks 
for muscle weighing coefficient values in muscle synergy one. 
Participant 
Muscle Synergy 1 
(Activation around IC) 
GMAX GMED MHAM LHAM RF VL VM GAS 
T1 2.07 -1.42 0.31 0.30 -0.59 -0.14 -0.47 0.24 
T2 0.89 -0.52 -1.05 -2.60 -0.63 0.49 2.17 -1.94 
T3 2.16 0.36 1.40 -1.49 -0.13 0.60 -1.49 0.01 
T4 -1.21 -0.14 0.74 -1.91 -1.10 -1.61 -1.90 -1.85 
T5 -0.63 0.24 0.92 0.73 1.83 -0.05 0.01 -0.56 
T6 -0.70 1.07 -0.99 0.63 -0.58 0.80 -1.99 -0.56 
T7 -0.97 -0.81 0.32 -0.06 -0.64 -0.07 -1.68 -1.98 
T8 -0.98 0.98 0.65 0.54 -0.33 -1.31 -0.79 -1.22 
IC – initial contact; GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; 
LHAM – lateral hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – 
gastrocnemius. 
    
    
 ≤ -0.8 Large Decrease   ≥ 0.8 Large Increase 
 > -0.8 ≤ -0.5 Moderate to Large Decrease   ≥ 0.5 < 0.8 Moderate to Large Increase 
 > -0.5 ≤ -0.2 Small to Moderate Decrease   ≥ 0.2 < 0.5 Small to Moderate Increase 
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Table 6.7 Effect sizes (Cohen’s d) for individual changes of participants 
in the training group (n = 8; T1 – T8) from baseline to six-weeks 
for muscle weighing coefficient values in muscle synergy two. 
Participant 
Muscle Synergy 2 
(Activation after IC) 
GMAX GMED MHAM LHAM RF VL VM GAS 
T1 -1.65 -0.74 -0.75 1.07 -0.83 0.13 -0.09 1.27 
T2 -1.59 -2.76 0.09 -3.38 -1.34 -2.03 -2.00 -0.31 
T3 -0.43 -0.74 0.60 -1.02 -0.89 -0.26 -0.06 -1.73 
T4 -1.15 -0.04 0.06 -0.63 2.56 1.32 3.72 -1.56 
T5 -0.51 1.03 -0.22 -0.67 -1.93 -1.71 -1.07 -1.70 
T6 -1.65 -0.80 0.35 -0.34 1.08 -1.26 -2.02 -0.54 
T7 -0.67 -1.47 -1.04 0.39 -1.61 1.80 1.60 -0.98 
T8 -0.94 1.08 -0.60 0.12 2.96 -0.14 1.18 1.04 
IC – initial contact; GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; 
LHAM – lateral hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – 
gastrocnemius. 
    
    
 ≤ -0.8 Large Decrease   ≥ 0.8 Large Increase 
 > -0.8 ≤ -0.5 Moderate to Large Decrease   ≥ 0.5 < 0.8 Moderate to Large Increase 
 > -0.5 ≤ -0.2 Small to Moderate Decrease   ≥ 0.2 < 0.5 Small to Moderate Increase 
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Table 6.8 Effect sizes (Cohen’s d) for individual changes of participants 
in the training group (n = 8; T1 – T8) from baseline to six-weeks 
for muscle weighing coefficient values in muscle synergy 
three. 
Participant 
Muscle Synergy 3 
(Activation prior to IC) 
GMAX GMED MHAM LHAM RF VL VM GAS 
T1 -0.12 -1.37 0.07 1.05 -0.87 -0.34 -3.14 -1.93 
T2 -0.19 0.06 -0.39 -1.11 1.96 -1.39 -1.37 2.51 
T3 3.22 1.16 0.07 0.02 -0.39 0.02 -0.67 -2.14 
T4 2.99 1.81 -0.12 0.19 1.42 -1.47 2.93 4.56 
T5 2.93 0.40 0.76 0.48 -0.35 -3.25 5.41 -1.31 
T6 4.27 -1.37 1.11 -0.69 -0.18 1.27 1.93 -0.75 
T7 0.60 0.29 1.90 2.02 -0.20 4.34 1.11 0.52 
T8 -1.36 -0.32 -0.06 0.35 0.23 -2.38 -1.18 1.01 
IC – initial contact; GMAX – gluteus maximus; GMED – gluteus medius; MHAM – medial hamstrings; 
LHAM – lateral hamstrings; RF – rectus femoris; VL – vastus lateralis; VM – vastus medialis; GAS – 
gastrocnemius. 
    
    
 ≤ -0.8 Large Decrease   ≥ 0.8 Large Increase 
 > -0.8 ≤ -0.5 Moderate to Large Decrease   ≥ 0.5 < 0.8 Moderate to Large Increase 
 > -0.5 ≤ -0.2 Small to Moderate Decrease   ≥ 0.2 < 0.5 Small to Moderate Increase 
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Table 6.12 Standard deviations of individual change scores from baseline 
to six-weeks for the control and training groups for joint 
rotation principal pattern scores. 
Joint Rotation PP CONTROL TRAINING 
HFLEX/EXT 
PP1 17.61 28.95 
PP2 9.06 11.08 
HADD/ABD 
PP1 18.66 19.19 
PP2 6.74 14.62 
HIR/ER 
PP1 23.42 36.41 
PP2 7.48 15.62 
KEXT/FLEX 
PP1 11.92 8.66 
PP2 11.67 19.46 
KADD/ABD 
PP1 8.79 18.19 
PP2 21.86 43.68 
KIR/ER 
PP1 5.65 8.71 
PP2 13.51 20.15 
PP3 10.48 15.78 
HFLEX/EXT – hip flexion/extension; HADD/ABD – hip adduction/abduction; HIR/ER – hip 
internal/external rotation; KEXT/FLEX – knee flexion/extension; KADD/ABD – knee 
adduction/abduction; KIR/ER – knee internal/external rotation; PP – principal pattern. 
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Table 6.13 Standard deviations of individual change scores from baseline 
to six-weeks for the control and training groups for joint 
moment principal pattern scores. 
Joint Moment PP CONTROL TRAINING 
HEXT/FLEX Mom. 
PP1 9.24 9.40 
PP2 0.91 1.44 
PP3 0.33 0.75 
PP4 0.41 0.36 
HABD/ADD Mom. 
PP1 0.23 0.50 
PP2 0.58 1.88 
PP3 0.44 0.37 
HER/IR Mom. 
PP1 0.25 0.56 
PP2 0.41 0.50 
KFLEX/EXT Mom. 
PP1 0.16 0.22 
PP2 0.97 1.22 
PP3 0.58 0.57 
KABD/ADD Mom. 
PP1 0.37 0.51 
PP2 0.93 1.60 
PP3 0.47 0.80 
KER/IR Mom. 
PP1 0.36 0.58 
PP2 0.21 0.20 
PP3 0.07 0.07 
HEXT/FLEX – hip extension/flexion; HABD/ADD – hip abduction/adduction; HER/IR – hip 
external/internal rotation; KFLEX/EXT – knee extension/flexion; KABD/ADD – knee 
abduction/adduction; KER/IR – knee external/internal rotation; PP – principal pattern; 
Mom. – moment. 
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6.3.4 Risk Level Analysis 
As the same data was used as the group analysis, identical main effects for 
group and time as presented in Section 6.3.2 of this chapter were found as part 
of this analysis. A statistically significant group x time x risk level interaction 
was found for PP1, PP2 and PP3 for knee abduction/adduction moments (p = 
0.019, η2 = 0.630; p = 0.042, η2 = 0.525 and p = 0.037, η2 = 0.543). Post-hoc analyses 
revealed no statistically significant differences (p > 0.05) from baseline to six-
weeks within either the ‘high-’ or ‘low-risk’ participants from both the control 
and training groups. As post-hoc tests did not reach statistical significance, 
effect sizes for the changes from baseline to six-weeks within the risk level and 
group combinations were calculated across the knee abduction/adduction 
moment principal patterns (see Table 6.14, Page 198). The largest effects were 
observed in the ‘high-risk’ training group (d > 0.91), with medium effects for 
the ‘low-risk’ training group (d = 0.50 – 0.80). In contrast, small to medium 
effects were observed in the ‘high-risk’ control group (d < 0.50), while only 
very small effects were observed in the ‘low-risk’ control group (d < 0.20). No 
additional statistically significant main or interaction effects were found 
within this analysis.  
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Table 6.14 Effect sizes (Cohen’s d)  for changes of ‘high-’ and ‘low-risk’ 
sub-groups within the control and training groups from 
baseline to six-weeks for knee abduction/adduction moment 
principal pattern (PP) scores. 
 CONTROL  TRAINING 
 ‘HIGH-RISK’ 
(n = 3) 
‘LOW-RISK’ 
(n = 5) 
 ‘HIGH-RISK’ 
(n = 3) 
‘LOW-RISK’ 
(n = 5) 
KABD/ADD Mom. PP1 0.33 0.04  1.81 0.77 
KABD/ADD Mom. PP2 0.21 0.01  0.91 0.50 
KABD/ADD Mom. PP3 0.15 0.10  2.11 0.70 
KABD/ADD Mom. – knee abduction/adduction moment; PP – principal pattern. 
  
Individual Adaptations to ACL Injury Prevention 
 
199 
6.4 Discussion 
Numerous studies have highlighted the ability of ACL injury prevention 
programs in altering neuromuscular and biomechanical factors associated 
with ACL injury risk.[34-45, 68, 69, 71-75, 79, 166, 201, 213-217] Throughout these studies, there 
has been limited examination[71, 82, 83] of individual responses to ACL injury 
prevention programs. The purpose of this study was to examine the effects of 
an ACL injury prevention program on neuromuscular control and lower limb 
biomechanics during a high-risk landing task at the group and individual 
level. Overall effects of the injury prevention program were found at the group 
level for neuromuscular and biomechanical variables. However, further 
examination revealed dissimilar responses to the training program across 
individuals.  
An overall effect of the injury prevention program at the group level was 
observed for a number of neuromuscular and biomechanical variables. The 
training group was found to have decreased their gastrocnemius activation 
around initial contact, while the control group increased activation of the 
gastrocnemius around initial contact following the six-week period. Fleming 
et al.[389] found co-contraction of the gastrocnemius with the quadriceps 
elevated ACL strain at low knee flexion angles. However, this was identified 
under static loading conditions at fixed knee angles. Recent work focusing on 
a dynamic landing task suggests that the gastrocnemius may in fact work with 
the quadriceps to elevate joint compression and protect the ACL from external 
loading.[185] The reduction in gastrocnemius activation at landing seen within 
the training group may therefore represent a shift to a more high-risk 
neuromuscular strategy, representing a potential negative effect of the injury 
prevention program. It is unclear why an increase in gastrocnemius activation 
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was observed in the control group following the six-week period. This study 
was undertaken during participant’s competitive netball season, hence players 
in the control group continued their regular in-season training practices. 
Donnelly et al.[269] found in-season Australian Rules football training produced 
changes in muscle activation during a side-step cutting task. These findings 
suggest standard in-season training alone is capable of altering muscle 
activation characteristics during high-risk sporting tasks, and could be why 
these changes in muscle activation were seen within the control group in this 
study.  
The remaining changes seen from baseline to six-weeks within the training 
group appeared favourable in reducing potential ACL injury risk. An increase 
in preparatory activation of the medial hamstrings was observed in the 
training group compared to controls following the six-week period. 
Appropriate preparatory muscle activation is thought to prevent joint collapse 
immediately after initial landing contact, thereby protecting the joint during 
deceleration.[187] This appears especially pertinent to the hamstrings, as 
inadequate preparatory activation may result in lower hamstrings contraction 
forces during the initial portion of ground contact and subsequently reduce 
knee stability.[120] Reduced preparatory activity of the medial hamstrings has 
also been identified as an important factor in elevating ACL injury risk.[177] The 
increase in preparatory activation of the medial hamstrings stemming from 
the injury prevention program may therefore be useful in reducing ACL injury 
risk during landing. The training group was found to exhibit greater external 
rotation at the hip during the early stages of landing following the six-week 
period. Excessive internal rotation at the hip when the foot is fixed to the floor 
can contribute to a position of ‘dynamic valgus’,[162] and greater hip internal 
rotation has been linked to larger peak knee abduction moments during 
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landing.[149] A more externally rotated hip position may therefore serve to 
protect the knee and ACL by avoiding lower limb postures consistent with 
increased ACL loading and injury risk.  
Examination of the participants within the training group revealed large 
variation in the individual responses to the injury prevention program. 
Statistically significant participant by time interactions within the training 
group were found across all of the neuromuscular and biomechanical 
dependent variables examined. These findings and the effect sizes calculated 
for the changes in individual participant data from baseline to six-weeks 
highlight the largely variable neuromuscular and biomechanical responses 
observed. There did not appear to be a consistent trend with regard to the 
individual responses across the neuromuscular and biomechanical variables 
examined. Differential effects were observed across the majority of the 
dependent variables examined. Where these differential effects were 
observed, there did not appear to be a consistent trend across participants. It 
could be expected that participants reporting higher attendance to the training 
program would consistently receive the largest responses to the training 
program, while those reporting a lesser attendance may exhibit opposing 
responses. However, this did not appear to be the case. Although certain 
participants reported a higher attendance, there did not appear to be a 
consistent effect stemming from this. Using a simple measure of attendance to 
gauge the degree of participation in the training program may have limited 
this interpretation. Recent work has shown that while athletes may attend 
injury prevention program sessions, they do not always perform exercises 
appropriately to gain a protective benefit.[225] Although this study involved one 
session per week led by a researcher, there was minimal control as to how 
participants performed the exercises at home. Examining individual responses 
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to a training program, in conjunction with more detailed measures of 
adherence, may lead to a better understanding of how the performance of 
exercises within a training program can influence outcomes. 
The results of this study highlight the potential for variable individual 
responses to the same training program. Further work is required to 
understand why these variable responses occur, which may lead to better 
design of ACL injury prevention programs that provide a benefit to all 
involved. Despite this study providing minimal understanding with regard to 
why and how these individual responses occur, further insights from the data 
can still be made. Examining the responses of participants within the training 
group for variables where an overall group change was observed could 
provide insight into how overlooking the individual might influence our 
understanding of the effectiveness of ACL injury prevention programs. 
Previous work has found that a select few participants who experience a large 
response to the training can drive group changes.[83] This did not appear to be 
the case with regard to gastrocnemius activation around initial contact (i.e. 
muscle synergy one), where the majority of participants experiencing a 
reduction in activation following the six-week period drove the group change 
(see Figure 6.9, Page 203). As noted earlier, this reduction in gastrocnemius 
activation may represent a shift towards a high-risk neuromuscular 
strategy,[185] potentially rendering these individuals at greater risk of ACL 
injury. Despite moderate to large effects being observed across nearly all of the 
participants in the training group, this effect was absent in two participants 
(i.e. T1 and T3), highlighting how consistent effects of a training program may 
not be apparent across all individuals.  
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 T1 T2 T3 T4 T5 T6 T7 T8 
d 0.24 -1.94 0.01 -1.85 -0.56 -0.56 -0.67 -0.94 
 
Figure 6.9 Individual changes of participants in the training group from 
baseline to six-weeks for gastrocnemius weighing coefficient 
values from muscle synergy one. Cohen’s d effect sizes are 
presented for the individual changes from baseline to six-
weeks for individual participants (T1 – T8). Positive and 
negative effect sizes are indicative of increases and decreases, 
respectively, in the weighing coefficient value. 
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In contrast, inspection of the individual responses for medial hamstrings 
preparatory activation (see Figure 6.10, Page 205) suggested that the group 
improvement was mainly driven by three of the eight participants (i.e. T5, T6 
and T7). These three participants demonstrated large increases in medial 
hamstrings preparatory activation relative to the remainder of the group. 
Interestingly, two of the three participants that received a large effect for 
improvements in preparatory medial hamstrings activation (i.e. T5 and T6) 
had the highest values for this variable at baseline. In contrast, the two 
participants who recorded the lowest medial hamstrings preparatory 
activation at baseline (i.e. T1 and T4) received minimal to no effect in this area 
from the training. This is potentially problematic, as low preparatory 
activation of the medial hamstrings may represent a high-risk neuromuscular 
strategy.[120, 177] Although the group results suggested the program had a 
beneficial effect on preparatory medial hamstrings activation, it appears this 
effect was limited or diminished in those participants that may have required 
it the most. 
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 T1 T2 T3 T4 T5 T6 T7 T8 
d 0.07 -0.33 0.06 -0.12 0.95 1.41 1.97 -0.06 
Figure 6.10 Individual changes of participants in the training group from 
baseline to six-weeks for medial hamstrings weighing 
coefficient values from muscle synergy three. Cohen’s d effect 
sizes are presented for the individual changes from baseline to 
six-weeks for individual participants (T1 – T8). Positive and 
negative effect sizes are indicative of increases and decreases, 
respectively, in the weighing coefficient value. 
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A similar pattern was observed when examining individual responses for hip 
internal/external rotation PP2, whereby the group reduction also appeared to 
be driven by three participants (i.e. T3, T4 and T8) (see Figure 6.11, Page 207). 
In this scenario, however, two of the three participants (T4 and T8) who 
experienced large effects exhibited the highest PP-Scores at baseline. Higher 
scores for this biomechanical pattern represented larger hip internal rotation, 
which could be considered a high-risk biomechanical strategy in the early 
deceleration phase of landing.[162] Therefore, experiencing a large reduction 
could be considered beneficial, as it represents a shift to a more externally 
rotated hip position during this phase of landing. In contrast, the third 
participant to receive a large effect for this variable (T3) exhibited the lowest 
scores across all participants at baseline, suggesting they already 
demonstrated a large degree of hip external rotation prior to the training. The 
remaining participants only exhibited small to no response for this variable, 
with one participant (T7) demonstrating a moderate increase following the six-
week period. Despite demonstrating a similar, potentially high-risk score to 
the participants who received the largest beneficial effects from the training, 
the opposite effect was observed for this individual. The increase in score 
indicates an increase in hip internal rotation during the early deceleration 
phase of landing following training, which could potentially increase the risk 
of ACL injury by contributing to a ‘dynamic valgus’ position or large knee 
abduction moments.[149, 162] 
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 T1 T2 T3 T4 T5 T6 T7 T8 
d -0.26 0.04 -1.65 -2.78 -0.28 -0.06 0.47 -2.04 
Figure 6.11 Individual changes of participants in the training group from 
baseline to six-weeks for hip internal (IR) / external (ER) 
rotation principal pattern (PP) two PP-Scores. Cohen’s d effect 
sizes are presented for the individual changes from baseline to 
six-weeks for individual participants (T1 – T8). Positive and 
negative effect sizes are indicative of increases and decreases, 
respectively, in the PP-Score. 
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It has been proposed that individuals who demonstrate a pre-existing high-
risk pattern at baseline receive the greatest improvements in these areas 
following training.[71, 83, 84] This appeared to be the case in this study, as ‘high-
risk’ individuals (as deemed by higher peak knee abduction moments during 
the landing task) were found to respond more favourably to the injury 
prevention program as demonstrated by reductions in frontal plane knee 
moments. Knee abduction/adduction moment patterns were the only 
variables where a statistically significant group by time by risk level 
interaction was identified. While this was the case, post-hoc analyses revealed 
no statistically significant differences from baseline to six-weeks across any of 
the groupings. These non-significant results were to be expected due to the 
limited sample sizes within each of the group and risk level combinations. 
Examination of effect sizes from baseline to six-weeks across the three knee 
abduction/adduction moment patterns revealed the largest effects were seen 
for participants deemed as ‘high-risk’ within the training group, followed by 
the ‘low-risk’ participants from the training group, with small effects seen for 
either risk levels within the control group. The changes in knee 
abduction/adduction moment patterns seen within the training group were 
largely favourable, particularly for ‘high-risk’ individuals (see Figure 6.12, 
Page 209). At six-weeks, ‘high-risk’ individuals within the training group were 
able to reduce the knee abduction moments experienced during landing to the 
same levels ‘low-risk’ individuals exhibited at baseline. ‘Low-risk’ individuals 
within the training group also saw a reduction in knee abduction moments 
during landing, albeit smaller.  
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Figure 6.12 Mean knee abduction / adduction moment from initial contact 
(IC) through to 150 ms post IC during the leap landing task for 
the ‘high-’ and ‘low-risk’ sub-groups from the training group 
at baseline and six-weeks. 
The reductions in knee abduction moments did appear to cause larger knee 
adduction moments in the latter stages of landing. The presence of knee 
abduction and adduction moments early on and late in the landing, 
respectively, is characteristic of netball leap landing manoeuvres.[248] 
Considering the link between larger knee abduction moments and increased 
ACL loads and injury risk, particularly during the early deceleration phase of 
landing,[20-23, 28, 160, 390] reducing the knee abduction moment at the cost of an 
increased knee adduction moment may be advantageous. The finding that 
individuals receive a more favourable response to training in the area they 
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exhibit a pre-existing high-risk biomechanical strategy (i.e. peak knee 
abduction moments) fits with the findings of previous work.[71, 83, 84] However, 
this may only be applicable to certain biomechanical or neuromuscular factors. 
Individuals exhibiting low levels of preparatory medial hamstrings activation 
exhibited minimal to no increases in activation, while one participant 
demonstrating potentially high-risk transverse plane hip motion did not 
improve in this area following training. The differing effects could be due to 
the high-risk movement strategies targeted by the injury prevention program 
used in this study. A heavy focus of the D2E programs feedback schedule is 
on landing ‘softly’ while keeping the hip and knee aligned in the frontal 
plane.[258] Successful application of these movement strategies should result in 
minimised landing forces and ‘dynamic valgus’ postures. These 
biomechanical factors have been linked to knee abduction moments during 
high-risk sporting tasks.[149, 164, 304] Addressing these biomechanical deficits 
would subsequently have a beneficial effect in reducing the knee abduction 
moments experienced during landing. The combination of a pre-existing risk 
pattern at baseline in conjunction with an injury prevention program targeting 
frontal plane alignment may have been why larger responses in frontal plane 
knee moments were observed within the ‘high-risk’ individuals of the training 
group. 
The broad implications of this study are that a generic approach to ACL injury 
prevention programs may not be effective across all individuals. A potential 
shortcoming of current injury prevention programs is that they focus on a 
select number of biomechanical deficits, or simultaneously attempt to address 
a variety of possible biomechanical deficits across all individuals.[358] The 
injury prevention program used within this study focused on movement 
strategies that would reduce frontal plane knee moments, as these have been 
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associated with increased ACL loading and injury risk.[20-23, 28, 160, 390] 
Subsequently, individuals who demonstrated a pre-existing risk pattern in this 
area (i.e. high peak knee abduction moments) received a greater benefit in 
reducing frontal plane knee moments during the leap landing task. Additional 
variations in individual responses were observed, however there did not 
appear to be a consistent trend with regard to these responses. Tailored injury 
prevention programs that target the high-risk neuromuscular or 
biomechanical strategies of the individual may be the most effective in 
reducing an individual’s level of ACL injury risk.  
Despite the results of this study, it is important not to discount generic ACL 
injury prevention programs applied in a universal manner. While possibly 
having a smaller prophylactic effect, universal neuromuscular training may 
mitigate the potential increase in injury risk associate with season-long 
participation in high-risk sports.[269] Further, while targeted programs may be 
more effective in reducing ACL injury risk the cost-effectiveness of this 
approach could be considered questionable. Implementing specifically 
tailored injury prevention programs across individuals is unlikely to be a cost-
effective strategy, particularly within wider community settings where time 
and staff resources may be limited. Striking a balance between the generic and 
individualised approaches may be optimal. A recent study by Pappas et al[358] 
found that individuals could be categorised into specific sub-groups, with 
each group demonstrating a combination of biomechanical deficits during a 
side-step cutting task. Tests that could categorise individuals to these deficit 
profiles may be useful for prescribing targeted ACL injury prevention 
programs.[358] This sub-group approach to tailoring injury prevention 
programs may be more effective and efficient than current generic injury 
prevention program practices,[358] and may minimise some of the practicality 
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issues stemming from highly individualised program design. Screening 
methods that are practical and cost-effective to implement, while also having 
the capacity to identify individuals who demonstrate high-risk movement 
strategies therefore become an important component in the design of targeted 
ACL injury prevention programs. The applicability of current ACL injury risk 
screening methods to wider community settings, as well as their capacity to 
identify high-risk movement strategies during a high-risk sport-specific task 
will subsequently be explored in the following chapters of this thesis. 
This study is not without limitations. First, a small sample size was used for 
both the control and training groups. Previous studies investigating 
neuromuscular and biomechanical responses to an ACL injury prevention 
program have used a larger cohort.[40, 68, 76, 213, 216] However, smaller sample sizes 
have been used in studies that have investigated group[41, 44, 74, 77-80, 391] and 
individual[82, 83] responses to training. Despite the small sample, statistically 
significant differences were observed suggesting there was sufficient power to 
observe changes in certain neuromuscular and biomechanical variables. The 
limitation of sample size was particularly evident within the risk level 
analysis, with only three participants able to be allocated to the ‘high-risk’ 
groups. This limited the capacity of the study to identify statistically 
significant differences for this particular analysis. Future investigations 
employing this type of analysis would likely benefit from a larger sample size 
to ensure adequate participant numbers across sub-groups. A larger sample 
size may also allow for stratification into additional sub-groups, which may 
provide a better understanding of how individuals with certain characteristics 
respond differently to training. Second, the duration of the injury prevention 
program used may have limited the generalised training effects observed. 
‘Down 2 Earth’ is designed as a six-week ACL injury prevention program.[258] 
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This program was used in this study as it was specifically developed for ACL 
injury prevention within a netball-specific cohort.[254, 258] However, it is 
important to acknowledge that the duration and subsequent volume of this 
program may have impacted on the generalised training effects observed. 
While a training effect was seen with certain neuromuscular and 
biomechanical variables, these may have been more extensive with an injury 
prevention program of longer duration. A review by Bien[392] suggested injury 
prevention programs should be eight or more weeks to ensure sufficient 
neuromuscular training effects. Despite this, it was acknowledged that limited 
evidence exists regarding optimal training duration for obtaining the most 
effective results.[392] Shorter duration programs (i.e. six-weeks or less) have 
been shown to have a protective effect against ACL injuries or injury risk 
factors.[44, 65, 166, 393] Nonetheless, future studies investigating individual 
adaptations to ACL injury prevention programs may benefit from utilising 
training programs of longer duration (e.g. eight-weeks or longer) where more 
generalised training effects may be observed. Lastly, strength and 
performance measures were not collected prior to and after the training 
program. Understanding how lower limb strength measures changed 
subsequent to the training may have provided further assistance in 
interpreting changes in muscle activation data.   
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6.5 Conclusions 
This study found an ACL injury prevention program induced neuromuscular 
and biomechanical adaptations during the performance of a high-risk landing 
task. However, examination of individual data revealed dissimilar responses 
to the training program. The findings of this study in conjunction with 
previous work[71, 82, 83] suggest that variation across individual responses to 
training may be inevitable. Future studies investigating the effects of ACL 
injury prevention programs must therefore include a focus on the individual 
to fully understand the effectiveness, or lack thereof, of the training program. 
Individuals displaying a pre-existing high-risk strategy may receive a greater 
benefit from ACL injury prevention programs. However, this may only be 
applicable if the program targets the relevant high-risk strategy. Further 
efforts must be made to ensure that ACL injury prevention programs are 
providing a benefit to all involved, particularly in the areas where they 
demonstrate neuromuscular or biomechanical strategies that may increase 
their risk of ACL injury. Injury prevention programs that target 
neuromuscular or biomechanical deficits relevant to the individual may be 
useful in ensuring beneficial responses across all involved. 
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Chapter Seven: A Systematic Evaluation of 
Field-Based Screening Methods for the 
Assessment of Anterior Cruciate Ligament 
Injury Risk 
Adapted from: Fox AS, Bonacci J, McLean SG, Spittle M, Saunders N. A systematic 
evaluation of field-based screening methods for the assessment of anterior cruciate 
ligament (ACL) injury risk. Sports Med. 2016; 46(5): 715-35. 
 
7.1 Introduction 
There is substantial support for the use of neuromuscular training as part of 
anterior cruciate ligament (ACL) injury prevention programs in reducing ACL 
injury rates[5, 65-67] and inducing biomechanical and neuromuscular adaptations 
proposed to reduce ACL injury risk.[34-45, 68, 69, 71-75, 79, 166, 201, 213-217] A recent cost-
effective modelling study predicted universal neuromuscular training of all 
athletes could reduce the incidence of ACL injury from 3% to 1.1% per season; 
and would be more cost-effective than no training or screening combined with 
training for high-risk athletes.[226] However, potential barriers to implementing 
universal neuromuscular training exist. While ACL injury prevention 
programs have proved successful, the level of adoption and compliance is 
low[227, 228] and their deployment may not be effective in “real-world” 
situations.[223, 229-231] Current neuromuscular training programs often involve 
the whole team, require considerable time investment and may detract from 
sport-specific skill training.[84] These factors may deter coaches from 
implementing such programs within their pre-season or in-season 
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training.[84, 229] Screening methods that identify athletes at-risk of ACL injury 
may improve coach intent to implement ACL injury prevention programs for 
these athletes.[84] In addition, the ability to identify individuals ‘at-risk’ of ACL 
injury appears to be an important step in maximising the effectiveness of ACL 
injury prevention programs. Myer et al.[84] found female athletes deemed as 
‘high-risk’ (knee abduction moment > 25.25 Nm during a drop vertical jump) 
received a greater prophylactic effect from neuromuscular training compared 
to ‘low-risk’ athletes. Similar to prevention programs, injury risk screening 
also requires time investment from coaches and athletes. It has been suggested 
that the equipment and time costs associated with screening for high-risk 
athletes is not cost-effective.[226] However, there may be a role for coupling 
screening with more targeted and intensive neuromuscular training programs 
if the screening methods used have high accuracy with minimal cost.[226] 
Identification of screening methods that are both predictive of injury and cost-
effective may provide further support for the integration of screening within 
ACL injury prevention efforts. 
A screening method must be appropriate and relevant to its selected purpose 
and it is imperative that the constructs or criteria examined align with the 
constructs of interest.[394] Screening methods for ACL injury risk should 
therefore be linked with the mechanical aetiology of ACL injuries in order to 
be effective in identifying ‘at-risk’ athletes. Therefore, screening methods that 
identify athletes who employ movement strategies linked to increased ACL 
loading are likely to be the most effective in classifying ACL injury risk. 
Laboratory-based measures (e.g. three-dimensional motion analysis, force 
plates) can accurately estimate segment motions and joint kinetics during 
athletic tasks, providing an option to evaluate movement strategies or 
techniques that may predispose an athlete to ACL injury. This approach, 
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however, requires extensive laboratory-based equipment and training to 
complete. The cost of three-dimensional motion analysis is in the range of 
$1000 per athlete per test.[87] The cost-effectiveness of this approach is therefore 
questionable, and is likely prohibitive to the majority of the wider community. 
Screening methods that can be completed in a field or clinical setting may be 
more cost-effective and applicable for wider community use in identifying 
dysfunction that may lead to an ACL injury. Field-based screening methods 
for identifying ACL injury risk are emerging,[85-88, 91] however assessment of 
their applicability for use in wider community settings is yet to be undertaken. 
This is required to identify the most appropriate method(s) for field-based 
evaluation of ACL injury risk.  
The purpose of this systematic review was to evaluate and compare field-
based screening methods for ACL injury risk to determine their efficacy of use 
in wider community settings. Specifically, this review aimed to: (i) examine 
whether the identified screening methods are appropriate for their intended 
use based on whether the method aligns with the constructs of interest, has 
theoretical and empirical support, and is designed for the population of 
interest; (ii) examine the technical adequacy of the identified screening 
methods based on their reliability and predictive validity; and (iii) determine 
the usability of the identified screening methods based on the balance of the 
costs and benefits, feasibility of administration, and utility of outcomes 
associated with the method. It was hypothesised that current field-based 
screening methods would include scoring criteria appropriate for identifying 
high-risk movement strategies associated with ACL injury risk, however, 
would have a limited ability to predict future ACL injuries. In addition, some 
of the screening methods would be more applicable for use in wider 
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community settings than others due to having minimal equipment and time 
requirements to complete. 
7.2 Methodology 
7.2.1 Literature Search 
A literature search was performed to retrieve articles pertaining to field-based 
screening or assessment methods used to evaluate ACL injury risk. An 
electronic search was conducted on SportDISCUSTM, Medline, AMED and 
CINAHL (January 1990 – July 2015) databases. Searches were limited to 
English language results only to minimise time and costs related to translation. 
The following search term groups were used: group (i) “ACL”, “anterior 
cruciate ligament”, “knee injur*” and “ACL injur*”; and group (ii) 
“screening”, “injury risk”, “screening tool”, “screening test”, “clinical 
screening tool”, “field* screening”, “risk screening”, “preseason screening”, 
“mass screening”, “team screening”, “risk assessment” and “evaluation tool”. 
Within groups; search terms were connected with OR, and between groups 
with AND. All terms were searched for in the titles and abstracts of articles. 
The results of all searches were taken together and duplicates removed. 
Once the initial literature selection process was complete and screening 
methods identified, a secondary search was undertaken to identify any further 
studies relevant to each of the screening methods. A search of the same 
databases over the same time period using key words included in the name or 
description of the screening methods identified (see Table 7.2, Page 224). All 
terms were searched for in the titles and abstracts of articles. All studies 
identified by the secondary literature search were screened against the same 
inclusion/exclusion criteria applied to initially identified studies. Once all 
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relevant literature from database searching was identified, the reference lists 
of all included articles were examined to identify any further studies for 
inclusion in the review. 
7.2.2 Literature Selection 
The titles and abstracts of all studies identified by the search strategy were 
reviewed for potential relevance. If sufficient information was not contained 
in the title and abstract to determine relevance, the full text was evaluated. The 
full text of potentially relevant articles were independently analysed by two 
reviewers for final inclusion, based on the following inclusion criteria: (i) the 
screening method was developed as a means to determine ACL injury risk; 
and (ii) the screening method could be undertaken outside of a laboratory 
setting (i.e. field and clinical settings). Articles were excluded from the review 
if: (i) the article was only in abstract form; or (ii) the screening method was not 
applied in an effort to identify injury risk. Any discrepancies between the two 
reviewers were resolved with a consensus meeting. If consensus could not be 
reached, a third reviewer was consulted. Following the literature selection 
process, included studies were grouped according to the specific screening 
method they examined. 
7.2.3 Methodological Quality Assessment 
Included studies were examined for methodological quality using a modified 
version of the Cochrane Group on Screening and Diagnostic Test 
Methodology quality assessment tool.[395] Eleven criteria (subject 
inclusion/exclusion criteria described; information to identify setting 
described; study design; age and sex reported; screening method sufficiently 
described and reported; groups comparable at baseline; blinding of 
investigators to confounding/prognostic factors; mean and variance of 
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variables reported; reliability reported; missing data reported or explained; 
and outcome clearly defined with methods explained) which logically applied 
to the majority of studies included in this review were used, resulting in a 
maximum score of eleven. No study was excluded and no additional analysis 
was undertaken on the basis of the assessment of study quality. A full 
summary of the methodological quality assessment undertaken on included 
studies is presented in Appendix H (see Page 415). 
Using relevant articles, an overall description of each screening method, 
including the criteria used for scoring, was acquired. Screening methods were 
evaluated against the relevant criteria surrounding ‘appropriateness for the 
intended use,’ ‘technical adequacy’ and ‘usability’ from Glover and Albers[394] 
(see Table 7.1, Page 222). In order to examine each screening method against 
these criteria, the following data were extracted pertaining to each method: 
1. Has the screening method been prospectively evaluated against ACL 
injury occurrences, and if so, was the method successful in identifying 
future ACL injuries? 
2. Has the screening method been assessed for validity, and if so, how has 
this been undertaken? 
3. Has intra- and inter-rater reliability for the screening method been 
assessed and established? 
4. What cut-off value, if any, has been identified for labelling an 
individual as ‘at-risk’? 
5. What additional, if any, equipment is required to undertake the 
screening method? 
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6. What additional, if any, training is required for an individual or group 
to capably perform the screening method? 
7. Approximately how long does it take to screen one athlete? 
8. Is the screening method applicable across multiple sports and athletes? 
These criteria were chosen to ensure the identified ACL field-based screening 
methods could be evaluated based on their accuracy in identifying future ACL 
injury risk, validity in identifying high-risk movements and injury risk factors, 
reliability of the method within and between users, and how well the method 
could be applied across various settings. Extracted data were used to evaluate 
and compare the identified ACL field-based screening methods for their use 
in wider community settings. 
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Table 7.1 Considerations and questions for evaluating identified 
screening methods. Reproduced with permission from Glover 
and Albers.[394] 
Consideration Questions 
Appropriateness for intended use  
Alignment with constructs of 
interest 
Are the criteria measured as a part of the 
screening method relevant for determining 
an individual’s risk status? 
Theoretical and empirical 
support 
Have the format and content of the 
screening method been validated in 
previous research? 
Population fit Is the screening method designed for the 
population of interest? 
Technical adequacy  
Test-retest (intra-rater) reliability Is the screening method consistent over 
time? 
Inter-rater reliability Is the screening method consistent across 
raters? 
Predictive validity  
Sensitivity Of those actually at risk, what proportion 
is correctly identified? 
Specificity Of those actually not at risk, what 
proportion is correctly identified? 
Positive predictive value Of those identified as at risk, what 
proportion is correctly identified? 
Negative predictive value Of those identified as not at risk, what 
proportion is correctly identified? 
Usability  
Balance of costs and benefits Are the costs associated with the screening 
method reasonable? 
Feasibility of administration Are personnel able to administer the 
screening method? 
Utility of outcomes Can stakeholders understand the 
implications associated with the screening 
methods outcomes? Are the outcomes 
useful for guiding 
instruction/intervention? 
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7.3 Results 
7.3.1 Search Findings and Study Selection 
The electronic search yielded 1,077 citations (SportDISCUSTM – 286, Medline – 
499, AMED – 68, CINAHL – 224). Following the removal of duplicates, 
elimination of studies on the basis of title and abstract, 25 studies were 
identified as potentially relevant and screened against the inclusion/exclusion 
criteria. A total of 13 studies[396-408] were excluded due to not meeting the 
inclusion/exclusion criteria, resulting in 12 included studies[85, 86, 88-94, 104, 105, 409] 
meeting all relevant criteria. Included studies were then grouped according to 
the screening method they examined. Five ACL screening methods were 
identified via the literature search, those being the Landing Error Scoring 
System (LESS),[91, 94, 104, 105, 409] Clinic-Based Algorithm,[88-90, 93] Observational 
Screening of Dynamic Knee Valgus (OSDKV),[85] 2D-Cam Method[92] and Tuck 
Jump Assessment.[86]  
Following the initial literature search and selection process, the secondary 
search using the key words and terms deemed relevant to the identified 
screening methods (see Table 7.2, Page 224) was undertaken. 
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Table 7.2 Search terms used and search results of the secondary 
literature search. 
Screening Method Search Terms Search Results 
Landing Error 
Scoring System 
“landing error scoring system” 27 total citations 
SportDISCUSTM – 19 
MedLine – 20 
AMED – 4 
CINAHL – 9 
Clinic-Based Algorithm “clinic-based nomogram” OR 
“clinic-based prediction tool” 
OR “clinic-based algorithm” 
OR “clinic-based 
measurements” OR “clinic 
based nomogram” OR “clinic 
based prediction tool” OR 
“clinic based algorithm” OR 
“clinic based measurements” 
13 total citations 
SportDISCUSTM – 3 
MedLine – 10 
AMED – 0 
CINAHL – 2 
Observational Screening 
of Dynamic Knee Valgus 
“observ* risk screening” AND 
“dynamic knee valgus” OR 
“knee valgus” 
1 total citations 
SportDISCUSTM – 1 
MedLine – 1 
AMED – 0 
CINAHL – 1 
2D-Cam Method “two-dimensional cam* 
method” OR “2D cam 
method” OR “two dimensional 
cam* method” OR “2D-cam 
method” 
1 total citations 
SportDISCUSTM – 1 
MedLine – 1 
AMED – 0 
CINAHL – 1 
Tuck Jump Assessment “tuck jump assessment” 6 total citations 
SportDISCUSTM – 7 
MedLine – 3 
AMED – 1 
CINAHL – 5 
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From the secondary literature search, eight further studies that met all criteria 
were included in the review. Specifically, one study relating to the LESS,[410] 
three studies relating to the Clinic-Based Algorithm,[87, 411, 412] and three studies 
relating to the Tuck Jump Assessment.[256, 413, 414] No relevant studies pertaining 
to the OSDKV or 2D-Cam Method were identified via the secondary literature 
search. A search of all included studies’ reference lists resulted in one study 
relating to the Tuck Jump Assessment[415] being added to the review. Therefore, 
a final total of 20 studies[85-94, 104, 105, 256, 409-415] were included in the review. A 
diagrammatic representation of the search strategy and study selection 
process is shown in Figure 7.1 (see Page 226).  
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Figure 7.1 Diagrammatic representation of search strategy results and 
study selection process. 1 = [396, 398, 399, 402, 408] 2 = [401, 403, 404, 406] 3 = [397, 
405] 4 = [407] 5 = [91, 94, 104, 105, 409] 6 = [88-90, 93] 7 = [85] 8 = [92] 9 = [86] 10 = [410] 11 
= [87, 411, 412] 12 = [256, 413, 415, 416]. LESS – Landing Error Scoring System; 
ACL – anterior cruciate ligament. 
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7.3.2 Screening Methods Identified 
7.3.2.1 Landing Error Scoring System (LESS) 
The Landing Error Scoring System (LESS) involves the assessment of an 
individual’s jump-landing technique based on ‘errors’ identified during the 
performance of a bilateral drop vertical jump task.[91] The drop vertical jump 
task is performed from a height of 30 cm, with athletes required to land at a 
distance of 50% of their height from the box and immediately perform a 
maximal vertical jump (see Figure 7.2).[91]  
 
Figure 7.2 Demonstration of the jump-landing task used for the Landing 
Error Scoring System. Reproduced with permission from 
Padua et al.[91] 
The LESS involves 17 scored items or ‘errors’, with items dedicated to the 
assessment of: lower extremity and trunk position at initial ground contact 
(trunk, hip, knee, and ankle flexion angles at initial contact; knee valgus angle 
at initial contact; lateral trunk flexion angle at initial contact); foot position at 
initial contact and the time between initial contact and maximum knee flexion 
(stance width – wide or narrow; foot position – toe in or out; symmetry of 
initial foot contact); lower extremity and trunk movements between initial 
contact and maximum knee flexion (knee flexion and valgus displacement; 
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trunk and hip flexion at maximum knee flexion); overall sagittal plane 
movement; and the general perception of landing quality.[91] Lower LESS 
scores are indicative of better jump-landing technique and is taken as an 
indication of reduced ACL injury risk.[91] Three trials are performed with 
landings recorded using digital video cameras placed 3.54m from the landing 
area in frontal and sagittal views.[91] These trials are then assessed using the 
scoring items to determine the individuals LESS score out of a total of 19.[91] 
An ‘error’ is given when the criteria is met on two of the three trials, with the 
individual’s total LESS score out of 19 attained by summing these errors.[91] 
A real-time version of the LESS (LESS-RT) was also identified.[410] The jump-
landing task used for the LESS-RT is identical to the originally developed 
LESS, however, scoring is undertaken without the assistance of video cameras 
and with an additional fourth landing trial completed.[410] Trials one and two 
are assessed from a frontal view, while trials three and four are assessed from 
a sagittal view.[410] The four trials are used to assess ten scoring items relating 
to stance width, foot rotation, symmetry of feet contact, knee and trunk frontal 
plane motion, foot contact pattern, knee and trunk sagittal plane motion, and 
overall impression of sagittal and frontal plane motion.[410] As with the LESS, 
a lower LESS-RT score is indicative of better jump-landing technique and 
taken as an indication of reduced ACL injury risk.[410]  
A further, more simplified version of the LESS was also identified.[409] The i-
Landing Error Scoring System (iLESS) involves the performance of a single 
drop vertical jump task identical to that used in the LESS / LESS-RT, with this 
landing allocated to one of two movement classifications.[409] Athletes are 
deemed ‘low-risk’ if they exhibit a “good movement pattern,” characterised 
by no knee valgus at initial foot contact, no knee valgus displacement from 
initial contact to maximum knee flexion, landing with greater than 30 degrees 
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of knee flexion, undergoing greater than 30 degrees of knee flexion 
displacement during landing, and exhibiting minimal to no sound upon 
landing.[409] In contrast, athletes are deemed as ‘high-risk’ if they exhibit a 
“poor movement pattern,” characterised by moderate to large knee valgus 
position at initial foot contact, moderate to large knee valgus displacement 
from initial contact to maximum knee flexion, landing with less than 30 
degrees of knee flexion, undergoing less than 30 degrees of knee flexion from 
initial contact to maximum knee flexion, and exhibiting loud sound upon 
landing.[409] Scoring is completed via observation of frontal plane video 
footage.[409] 
7.3.2.2 Clinic-Based Algorithm 
The Clinic-Based Algorithm uses a combination of anthropometric measures, 
landing biomechanics, and strength measures as a means to predict the 
probability of a female athlete exhibiting a high (> 21.74 Nm) peak knee 
abduction moment (pKAM) during a jump-landing task. Anthropometric 
measures assessed include tibial length and body mass, while quantities of 
knee valgus motion and knee flexion range of motion (ROM) during a bilateral 
drop vertical jump task from a 31 cm jump-box are used to assess jump-
landing technique.[87, 88, 90] Isokinetic knee extension/flexion strength 
(QuadHam ratio) is also used, however, if an isokinetic testing device is 
unavailable, a surrogate value for QuadHam ratio can be used based on the 
individual’s body mass (QuadHam ratio = [0.01 x body mass] + 1.10) or by 
using a previously determined mean value of 1.53.[87, 89] Once collected, these 
values are applied to a specifically developed algorithm (see Figure 7.3A, Page 
230) which allocates a point value to each measure.[87, 88, 90] The points for each 
measure are then summed, with this total value used to estimate the 
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probability of the individual exhibiting a high peak knee abduction moment 
during a jump-landing task (see Figure 7.3B).[87, 88, 90] 
A. 
 
 
B. 
 
 
Figure 7.3 A) Specifically developed nomogram sheet for use with the 
Clinic-Based Algorithm. B) Completed example of nomogram 
to predict probability of high knee loads. Reproduced with 
permission from Myer et al.[89] and Myer et al.[87] 
7.3.2.3 Observational Screening of Dynamic Knee Valgus (OSDKV) 
The Observational Screening of Dynamic Knee Valgus (OSDKV) method 
involves the labelling of athletes as either ‘high-’ or ‘low-risk’ based on video 
footage of three bilateral drop vertical jump task performances from a 31 cm 
jump-box.[85] A set of observational risk screening guidelines are used to 
allocate athletes into these groups. Athletes are to be evaluated as ‘high-risk’ 
if their “patella moves inwards and ends up medial to the first toe,” and ‘low-
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risk’ if their “patella lands in line with the first toe” (see Figure 7.4).[85] Athletes 
are deemed ‘high-risk’ if they meet the high-risk guidelines in any of the three 
trials performed.[85] 
 
Figure 7.4  Example of trials deemed as “high-risk” (left) and “low-risk” 
as per the Observational Screening of Dynamic Knee Valgus 
(OSDKV) method guidelines. Reproduced with permission 
from Ekegren et al.[85] 
7.3.2.4 2D-Cam Method 
The 2D-Cam Method involves the assessment of frontal plane knee angle from 
a single digital video camera during various athletic task (side-step, side-jump 
and shuttle run) performances.[92] Video footage of task performance is taken 
from a camera placed in the frontal plane at a point two metres from where 
the athlete performs the athletic manoeuvre.[92] This footage is then imported 
into video analysis software where estimates of the hip, knee and ankle joint 
centres are identified and digitised for each frame of video to determine 2D 
frontal plane knee angle during the stance phase of the athletic manoeuvre.[92] 
Due to the relationship between peak knee valgus and ACL injuries, a greater 
magnitude of stance phase frontal plane knee motion during athletic task 
performances is considered as increased injury risk.[92] 
Field-Based Screening Methods for ACL Injury Risk 
 
232 
7.3.2.5 Tuck Jump Assessment 
The Tuck Jump Assessment involves athletes performing repeated tuck jumps 
bringing their knees to their chest on-the-spot for ten seconds (see Figure 7.5), 
with their jump-landing technique scored using ten set criteria.[86]  
 
Figure 7.5  Demonstration of the jump-landing task used for the Tuck 
Jump Assessment. Adapted and reproduced with permission 
from Myer et al.[86] 
Deficits in the athlete’s jump-landing technique are identified via these 
criteria, with each deficit given a score of one, resulting in a total score out of 
ten.[86, 256] Scoring can be undertaken visually in real-time, or by using photos 
or video taken via digital cameras.[86, 256] The ten scoring items are split into 
categories, with three criteria relating to knee and thigh motion (lower 
extremity valgus at landing; thighs reaching parallel; unequal thighs side-to-
side), four criteria relating to foot position during landing (foot placement 
shoulder width apart; foot placement not parallel; unequal foot contact timing; 
excessive landing contact noise), and three criteria relating to plyometric 
technique (pauses between jumps; technique declines prior to ten seconds; 
does not land in same footprint).[86] Lower scores are indicative of fewer 
deficits in the athlete’s technique and taken as an indication of reduced ACL 
injury risk. 
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7.3.3 Extracted Data 
Table 7.3 (see Page 234) presents a summary of the data extracted for each of 
the screening methods. 
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7.4 Discussion 
The ability to identify athletes at-risk for future ACL injury is of great 
importance across all levels of sport. Screening methods that can be completed 
in a field setting provide a valuable option for those in the wider community 
without access to laboratory-based equipment. The purpose of this review was 
to evaluate and compare current field-based screening methods for ACL 
injury risk to determine their applicability of use in wider community settings. 
Field-based screening methods had limited predictive validity in identifying 
athletes at-risk of ACL injury. Differences between screening methods 
surrounding the equipment required, time taken to screen athletes, and 
applicability across varying sports and athletes were identified. The data 
presented within this review can be used to determine which screening 
method may be the best option or more applicable for use in field or clinical 
settings, or with specific athlete populations 
7.4.1 Appropriateness for Intended Use 
7.4.1.1 Alignment with Constructs of Interest 
An important consideration when evaluating a screening method is that the 
constructs or criteria assessed align with the constructs of interest.[394] In the 
context of screening for ACL injury risk, effective screening methods will 
target movement strategies or techniques that contribute to increases in ACL 
load or injury risk. All identified versions of the LESS included a number of 
screening criteria related to movement strategies or techniques that have been 
proposed to increase ACL injury risk. These scoring criteria include reduced 
sagittal plane joint motion (e.g. reduced trunk, hip and knee flexion); and 
increases in knee abduction, lateral trunk motion and internal/external 
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rotation of the shank; all of which have been linked to increases in ACL 
loading or injury risk.[20-23, 25, 160, 372] Additional criteria, such as altered stance 
width and symmetry of foot contact, while less clearly linked to increases in 
ACL loading or injury risk may still provide relevant information pertaining 
to an individuals’ injury risk. A wider stance has been shown to increase knee 
valgus moments during side-step cutting manoeuvres,[167, 304] and may be 
applicable in identifying ACL injury risk. However, this effect has only been 
identified in unilateral cutting manoeuvres and may not be present in the 
bilateral drop vertical jump task used within the LESS. An asymmetrical foot 
contact is proposed to place a greater load on the initial landing limb and may 
be indicative of an out-of control or off-balance landing,[410] a factor associated 
with ACL injury occurrences.[99] Importantly, the LESS screening criteria 
attempts to acknowledge the multiplanar mechanism of ACL injury[33] by 
including criteria pertaining to sagittal, frontal and transverse plane 
biomechanics.[91] 
The Clinic-Based Algorithm predicts the probability for high peak knee 
abduction moments during landing as an indication of injury risk.[87, 90] The 
individual measures used to calculate this appear well supported through the 
literature.[89, 90, 149, 160, 304, 417-419] High peak knee abduction moments during 
landing have been prospectively identified as a predictor of ACL injuries,[160] 
therefore field-based measures that can estimate this are relevant to 
identifying ACL injury risk. Tibial length, knee valgus and knee flexion range 
of motion during landing, body mass, and QuadHam ratio make up the values 
used to calculate the probability of high knee loading.[87, 88, 90] In isolation, these 
measures have been proposed as mechanisms for ACL injury, or linked to 
increases in knee abduction moments or ACL loads during landing or cutting 
movements. [90, 149, 160, 304, 417-419] Importantly, the combination of these measures 
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within the algorithm has been shown to predict knee abduction moments 
during landing with high sensitivity and specificity.[90, 93] It must be noted that 
the Clinic-Based Algorithm was established to identify the increase in peak 
knee abduction moments associated with pubertal female development.[90] 
Particular maladaptations that occur during puberty, such as deficits in 
strength and power relative to growth and development are more evident in 
females than males.[418, 420] The application of the Clinic-Based Algorithm to a 
male cohort is, therefore, not recommended.[88] 
Both the OSDKV and 2D-Cam methods focus on a single factor in measuring 
injury risk, namely ‘dynamic valgus’ or frontal plane knee motion.[85, 92] This is 
likely due to the notion that ‘dynamic valgus’ positions have been shown to 
significantly increase ACL loads,[20-23] are often associated with ACL injury 
occurrences,[98, 99, 159] and have been identified as a significant predictor of ACL 
injuries.[160] While ‘dynamic valgus’ is an important contributor to ACL injury 
risk,[160] this is only one factor in a complex problem. Evidence suggests ACL 
injuries occur via a multiplanar mechanism,[33] and motion from more 
proximal segments (i.e. the trunk and hip) are important when considering 
ACL injury risk.[166, 167, 372, 421] The use of two-dimensional methods in 
quantifying ‘dynamic valgus’ should also be interpreted with caution. 
Dynamic valgus can stem from a combination of three-dimensional 
movements at the trunk, hip, knee and ankle.[160, 162, 372] Increased frontal plane 
knee motion or a knee position medial-to-the-toe can result from hip 
adduction and internal rotation, and do not necessarily indicate greater valgus 
positions.[422, 423] The use of two-dimensional measures focused solely on the 
knee may be inadequate in evaluating ‘dynamic valgus.’ 
The scoring criteria used within the Tuck Jump Assessment are proposed to 
identify landing technique deficiencies relating to ligament dominance, 
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quadriceps dominance, leg dominance or residual injury deficits, trunk 
dominance, and technique perfection.[413] Deficiencies in these areas are 
indicative of neuromuscular imbalances that can lead to increases in knee joint 
loads and subsequently increase ACL injury risk.[424] Ligament dominance 
manifests in an inability to control dynamic knee valgus when landing and 
cutting, and is therefore a factor in ACL injury risk.[424] The high effort required 
in the tuck jump movement may reveal technique deficiencies and the 
magnitude of frontal plane knee motion may be useful in identifying ligament 
dominant athletes.[424] There appears to be a disconnect between the remaining 
scoring criteria and the technique deficiencies they target. No empirical 
support was found for the use of the proposed scoring criteria in identifying 
quadriceps dominance (i.e. excessive landing contact noise), leg dominance or 
residual injury deficits (i.e. unequal thighs side-to-side; foot placement not 
parallel; and unequal foot contact timing), or trunk dominance (i.e. thighs 
reaching parallel; pauses between jumps; and does not land in the same 
footprint) in athletes. Further, no suggested link between maintaining perfect 
tuck jump technique across the ten seconds and ACL injury risk was 
identified. Validation linking tuck jump technique deficiencies to ACL injury 
risk factors is required before this method can be recommended for ACL injury 
risk screening purposes. 
7.4.1.2 Theoretical and Empirical Support 
Another important consideration when determining the efficacy of screening 
methods is whether the format and content of the screening method have been 
validated.[394] A number of the identified screening methods had been 
evaluated against 3D laboratory-based measures to validate their use. Poor 
LESS scores (i.e. indication of increased injury risk) were associated with 
reduced hip and knee flexion; greater knee abduction and hip adduction 
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angles; greater hip and knee internal rotation, hip extension and adduction, 
and knee abduction moments; and greater anterior tibial shear forces during 
the performance of a bilateral drop vertical jump task.[91] These results support 
the use of the LESS as an ACL injury risk screening method, as all of these 
biomechanical variables have been proposed as risk factors for ACL 
injury.[20-22, 26, 29, 121, 149, 160, 162, 167, 191, 425] 
Both the OSDKV and 2D-Cam Method were assessed against 3D measures of 
knee valgus. The validity of the OSDKV method was determined by 
comparing the allocation of individuals to high- and low-risk groups between 
3D motion analysis and three raters using the screening method.[85] Compared 
to 3D analysis, raters were able to allocate individuals to these groups with 
sensitivity and specificity values of 67-87% and 60-72%, respectively.[85] While 
specificity values were considered adequate for screening purposes, the 
sensitivity of raters was considered inadequate, with up to a third of truly 
high-risk individuals being missed.[85] A knee position medial-to-the-toe is not 
always indicative of 3D knee abduction[422] and this may be why some truly 
high-risk individuals were missed. The 2D-Cam Method showed good 
agreement with laboratory-based measures of frontal plane knee motion 
during the side-step and side-jump, but not the shuttle run task.[92] The 
developers suggested this may be due to the positioning of the athlete relative 
to the camera used to digitise joint centres.[92] During both the side-step and 
side-jump tasks, the frontal plane of the athlete’s body remains relatively 
parallel to the camera during the stance phase of the movement; with this not 
being the case during the shuttle run task.[92] This highlights a limitation of the 
2D-Cam Method, with this method likely only applicable to athletic tasks 
where the frontal plane remains in full view of the camera through the analysis 
phase of the motion.  
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While certain screening methods showed good agreement with laboratory-
based measures, these studies tended to utilise generic athletic tasks 
performed bilaterally (e.g. drop vertical jump landings) to validate the 
method.[88, 90, 91, 93, 94] This potentially stems from the majority of the screening 
methods using generic bilateral jump-landing tasks (e.g. drop vertical jump-
landings, repeat tuck jumps) in assessing ACL injury risk.[85-87, 91, 94, 409] The 
specificity of these movements to ACL injury risk could be considered 
questionable, with previous research showing these generic tasks do not 
adequately represent those seen in a competitive sporting environment,[95, 96] 
and noncontact ACL injuries are more common during unilateral landing or 
plant-and-cut manoeuvres.[97-99] In addition, injuries occur more frequently in 
competitive match environments compared to in training.[1] Considering these 
factors, it is important that screening methods for ACL injury risk can identify 
athletes who perform unilateral sporting manoeuvres with high-risk lower 
limb biomechanics. The incorporation of more ecologically valid or unilateral 
movement tasks within injury risk screening protocols may achieve this. For 
example, unplanned side-stepping more closely emulates a competitive 
environment and the potential ACL injury mechanism by limiting decision 
time and increasing knee loading.[247] Screening of this movement task could 
yield more valuable information pertaining to an individuals’ level of ACL 
injury risk. However, a number of factors pertaining to technique can 
influence important biomechanical measures of injury risk during more sport-
specific movements.[166, 167, 304] The need to examine these additional factors may 
increase the complexity of screening, increasing the analysis and time burdens 
involved. Exposing athletes’ to a potentially high-risk task for the purpose of 
injury risk screening may also be undesirable for coaches. Simplistic 
movement tasks that better replicate the biomechanics of sport-specific 
movements may be the most applicable for injury risk screening. It is yet to be 
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determined whether any of the screening methods examined within this 
review are valid in identifying athletes who perform more sport-specific 
movements in a way that may influence their level of injury risk. Future 
examination against laboratory-based measures acquired from sport-specific 
movements known to cause ACL injury may aid in identifying whether certain 
screening methods are more appropriate for specific sports or sporting 
movements. 
7.4.1.3 Population Fit 
It is helpful to examine whether a screening method is designed for the 
population of interest.[394] Screening methods for ACL injury risk should be 
most applicable to athletes participating in sports which involve a high 
frequency of cutting and landing tasks, as these sports tend to incur the highest 
rates of injury.[1] For the majority of screening methods examined, very few 
restrictions on the sports or athletes to which they could be applied to were 
identified. Both the LESS and Tuck Jump Assessment were accompanied by 
general descriptions, such as; an “assessment tool for detecting poor jump-
landing mechanics,”[91] and an assessment for the “identification of lower 
extremity landing technique flaws,”[86] respectively. This suggests these 
methods may be applicable for screening athletes in sports where any form of 
high risk jump-landing movements are present. There is evidence to support 
the use of the LESS in a wide range of athlete populations, with the method 
being utilised in both male and female military cadets,[91, 426] and collegiate[94] 
and youth athletes[427] of varying sports. The LESS may be more effective in a 
youth athlete population, where it appears to have some predictive value in 
identifying future ACL injuries.[104] The same was not found for an older group 
of high school and collegiate athletes,[105] suggesting this screening method 
may not be as effective across different populations. While the Tuck Jump 
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Assessment has been used to examine both male and female athletes,[256] the 
method has not been as widely applied to a range of populations. It is therefore 
difficult to assess whether this method is more or less effective across a range 
of populations. The 2D-Cam method had only been applied to a cohort of 
collegiate male and female basketball athletes, and was only successful in 
measuring the side-step and side-jump tasks.[92] While these are general 
athletic tasks, caution may be required if applying this method to athlete 
cohorts or sports where athletic manoeuvres differ from those examined. 
Two of the screening methods identified, the OSDKV and Clinic-Based 
Algorithm, had only been used to examine female athletes.[85, 87, 88, 90] This is 
likely due to the sex bias associated with ACL injuries, and thus the 
subsequent focus on female athletes in research examining ACL injury risk. 
While the Clinic-Based Algorithm had only been applied to female athletes, it 
is important to highlight that the method was specifically designed for and is 
only applicable to this sex.[87, 88, 90] The method has been utilised to examine 
athletes across multiple sports,[88-90, 412] however, the focus has tended to be on 
a youth athlete population.[88-90] Considering this method was developed and 
validated using a cohort of female adolescent athletes (aged 14.0 ± 2.5 years),[88] 
it appears application of the Clinic-Based Algorithm outside of this population 
may be unwarranted. The evidence suggests different screening methods may 
be more or less applicable to different populations. Consideration must 
therefore be given to the specific population being examined to determine 
which screening method may be the most applicable in a given situation. 
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7.4.2 Technical Adequacy 
7.4.2.1 Test-Retest (Intra-Rater) and Inter-Rater Reliability 
The test-retest (intra-rater) and inter-rater reliability of screening methods are 
important to ensure accurate screening can be undertaken over time and by 
different assessors.[394] The majority of screening methods examined reported 
acceptable levels of intra- and inter-rater reliability.[85, 86, 91, 94, 105, 256, 410, 412] An 
exception to this were the reliability values reported by Dudley et al.[414] for the 
Tuck Jump Assessment method, with intra- and inter-rater reliability ranging 
from ‘poor’ to ‘moderate.’ Reliability values did, however, improve upon a 
second scoring session suggesting there may be a learning effect with the Tuck 
Jump Assessment screening method. Additional information or training may 
also be required for accurate Tuck Jump Assessment scores to be assessed. This 
could be a reason why the reliability values reported by Herrington et al.[256] 
were much higher, as the testers within this study may have had greater 
experience or knowledge in using the screening method. Both intra- and inter-
rater reliability are important features for injury risk screening methods. 
Screening methods can be used to monitor changes in injury risk over time, 
therefore consistency in interpretation and scoring is required to ensure 
variations represent true differences and not errors in application. This 
becomes especially pertinent if various raters are performing subsequent 
analyses on an athlete, where variation between raters may result in erroneous 
interpretation of injury risk. The distinct and specific scoring criteria used 
within the majority of the screening methods examined[85, 86, 91, 409, 410] is likely to 
play a role in the acceptable levels of reliability reported. Giving users specific 
instructions and/or scoring criteria leaves less room for subjective 
interpretation, thus creating less error between subsequent analyses or 
different raters. Screening methods which incorporate clear and easy to 
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understand scoring/rating criteria will be more applicable for use in wider 
community settings. 
7.4.2.2 Predictive Validity 
The most important indicator of a screening methods technical adequacy is the 
ability to accurately distinguish between those who will and will not sustain 
an injury.[394] Of the screening methods included in this review, only the Clinic-
Based Algorithm and LESS had been prospectively evaluated against future 
ACL injury occurrences.[104, 105, 412] Goetschius et al.[412] applied the Clinic-Based 
Algorithm to a population of female high school and college athletes, and 
determined there was no relationship between the risk of suffering an ACL 
injury and the predicted peak knee abduction moment obtained from the 
screening method. However, the developers of the screening method 
expressed concerns regarding this study, suggesting factors such as the jump-
landing protocol utilised, the lack of use of shoes during testing, and the 
absence of control over foot/ankle separation during the jump-landing task 
may invalidate these results.[411] Another factor to consider may be the 
population examined by Goetschius et al.[412]. As the Clinic-Based Algorithm 
was developed and validated against a youth female athlete population (aged 
14.0 ± 2.5 years),[88] the inclusion of older female athletes (high school and 
collegiate athletes; age range 15-22) may have influenced its predictive ability. 
While the Clinic-Based Algorithm was unsuccessful in predicting future ACL 
injuries, it has been shown to predict high peak knee abduction moments (> 
21.74 Nm) with high sensitivity (77%) and specificity (71%) in female athletes 
during a bilateral drop vertical jump task.[87, 93] As previously mentioned, a 
higher peak knee abduction moment is a significant predictor of future ACL 
injury.[160] The ability to distinguish between female athletes demonstrating 
‘high’ and ‘low’ peak knee abduction moment during landing via a field-based 
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screening method may be useful in identifying athletes at-risk of sustaining an 
ACL injury. It is, however, important to note that the Clinic-Based Algorithm 
has only been shown to predict high peak knee abduction moments in the 
same cohort from which the algorithm was developed. Validation against 
multiple relevant cohorts is an important step in establishing the efficacy of 
screening methods.[428] Further validation of this method may be required 
before more widespread use can be recommended. 
Results from the LESS have also been shown to have no relation to future ACL 
injury status in a population of female high school and collegiate athletes.[105] 
In contrast, the LESS may have some capacity to identify athletes at-risk for 
future ACL injury in a youth soccer population.[104] Padua et al.[104] found a 
LESS score of five or above identified athletes who went on to incur an ACL 
injury with sensitivity and specificity values of 86% and 64%, respectively. The 
positive and negative predictive values for the LESS in identifying ACL 
injuries were low (1.4%) and high (99.8%), respectively.[104] The positive 
predictive value (PPV) of any ACL screening method is likely to be low due to 
rate of ACL injuries being quite low, even among high-risk populations.[104] 
This low PPV would result in a number of low-risk individuals labelled as 
high-risk. Considering the consequences associated with ACL injuries and that 
low-risk individuals may also benefit from neuromuscular training, the 
benefits of identifying all truly high-risk individuals likely outweighs the costs 
associated with misclassification of those who are at a low-risk of ACL injury. 
The conflicting results with regard to the predictive validity of the LESS when 
applied to different age groups and sporting populations is further evidence 
that different screening methods may be more or less applicable to different 
populations or sports. Examination of screening methods across a range of 
populations of different ages and sports appears necessary. 
Field-Based Screening Methods for ACL Injury Risk  
 
250 
7.4.3 Usability 
7.4.3.1 Balance of Costs and Benefits 
The main costs associated with employing screening methods in wider 
community settings pertains to the equipment and time requirements. An 
important aspect in ensuring screening methods are applicable for wider 
community use is the requirement for minimal equipment. The need for 
minimal equipment is an important element for coach and athlete compliance 
to ACL injury prevention programs,[392] and is likely a key factor in promotion 
and compliance of injury risk screening as well. Nearly all of the screening 
methods identified required minimal additional equipment to complete. The 
need for a single or two digital video cameras in combination with a jump-
landing box was a requirement of the LESS/iLESS[91, 409] and OSDKV[85] 
methods; while the 2D-Cam Method required a single digital video camera 
and video analysis software to analyse results.[92] While not required, the use 
of a digital camera or digital video cameras to capture the athlete’s jump-
landing technique is suggested and have been used for the Tuck Jump 
Assessment.[86, 256, 413] The use of cameras to capture an athlete’s jump-landing 
technique during screening may improve the accuracy and consistency of the 
screening method, as it allows the assessor to view the technique multiple 
times and pause or slow down the movement. However, while digital cameras 
have become more affordable in recent years, the need for this piece of 
equipment may still present access issues, particularly within youth or 
community level sport. Considering the growth in mobile technologies (i.e. 
smart phones, tablets) and digital applications as a means to promote injury 
prevention strategies,[429, 430] the development or incorporation of screening 
methods with these mobile technologies may provide an opportunity to 
extend the scope of injury risk screening. Two of the screening methods 
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identified, the real-time version of the LESS (LESS-RT)[410] and Tuck Jump 
Assessment[86] combat the need for digital cameras by the assessor performing 
the screening in real-time. While this may increase difficulty; these real-time 
screening methods may also be a valid option in settings where access to 
equipment, in particular to digital video cameras, is limited.  
In comparison to the other methods identified, the Clinic-Based Algorithm has 
a much greater reliance on additional equipment. This is not surprising, as the 
Clinic-Based Algorithm employs a greater number of measures to determine 
an athlete’s level of injury risk. While this may enhance the ability of the 
method to identify at-risk athletes, it may be impractical for users in certain 
settings. One aspect that may limit the use of this screening method is the need 
for an isokinetic device to assess quadriceps-to-hamstring strength 
(QuadHam) ratio.[87, 88, 90] It was noted that where an isokinetic device is 
unavailable, an equation is provided incorporating the athlete’s mass to attain 
a surrogate value for the QuadHam ratio.[87, 89] However, it is suggested that 
the prediction algorithm is best utilised with QuadHam ratios achieved via 
direct measurement.[87] Whether the surrogate value is used or not, the extra 
equipment and number of measures recorded may make the Clinic-Based 
Algorithm a less valid option in settings where minimal equipment or time is 
available for athlete screening. 
Another important feature of field-based screening methods is the time 
required to screen athletes. In many cases, athlete screening is undertaken 
during group sessions with a number of athletes present. Screening methods 
that can be completed quickly and implemented into large scale team 
screening sessions may be more beneficial. The LESS was the only screening 
method examined which reported a specific time frame in which athlete 
screening may be completed. Testing time (including set-up) for the originally 
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developed LESS, utilising video footage for scoring, was reported as taking 
five minutes or less per subject.[91] A trained rater was reported as being able 
to score an athlete’s trials in approximately three to four minutes.[91] With this 
added to the testing time, the total time to screen an athlete using the LESS 
appears to be approximately ten minutes. The LESS-RT requires less time to 
complete, with the real-time method reportedly taking approximately two 
minutes per athlete.[410] No indication was given for the time taken using the 
iLESS format. Considering this variation was developed to simplify and 
shorten the screening process and only requires the evaluation of one jump-
landing trial,[409] it could be assumed that this method would take less time to 
complete than the other LESS variations. 
The developers of the 2D-Cam method acknowledge there are relatively 
lengthy processing requirements inherent in this approach,[92] suggesting this 
method may be impractical where time constraints are present. With regard to 
the OSDKV method, raters were given a single viewing of the athlete’s jump-
landing technique, followed by 15-seconds to give their rating.[85] While this is 
relatively fast, it does not take into account the more time consuming process 
of filming athletes performing the jump-landing task. Considering the ratings 
can be given at a later stage, the two processes could be blocked and performed 
separately (i.e. viewing footage and rating a group of athletes together at a 
later time). Thus, this method could be practical for use when screening a large 
group of athletes. The Clinic-Based Algorithm is suggested to simplify the 
time associated with laboratory analysis for determining peak knee abduction 
moment.[87, 89] However, considering the additional number of measures 
required, it is likely this method would take longer to complete than the other 
screening methods examined in this review. The Clinic-Based Algorithm may 
be more practical in a setting where little to no time constraints are placed on 
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injury risk screening, or where individual screening is being undertaken. 
Lastly, the simplistic manner in which the Tuck Jump Assessment can be 
undertaken and scored in real-time suggests it could be completed in a short 
time frame. Considering athletes can be observed and scored while 
performing repeat tuck jumps for ten seconds,[86] it is quite possible this 
method could be completed in one or two minutes per athlete. An increase in 
the time taken to complete the Tuck Jump Assessment would be seen if digital 
cameras were used to screen the athlete’s jump-landing technique. As there is 
considerable variation in the time required for each of the screening methods, 
this may be an important factor in determining the most appropriate method 
to employ in a given setting. 
7.4.3.2 Feasibility of Administration 
In a wider community context, screening for ACL injury risk is likely to be 
undertaken by individuals with a broad range of qualifications. Instructions, 
examples, or the training accompanying the screening method should 
therefore be clear for the user to ensure accurate application.[394] Many of the 
screening methods identified presented no specific guidelines for the type or 
amount of training required, with some simply claiming the method was easy 
to employ. No specific training guidelines were identified for the 2D-Cam 
Method, however it was suggested that previous experience in digitising 
landmarks may be necessary,[92] potentially rendering the method impractical 
in certain settings. No guidelines for training were also identified for the Tuck 
Jump Assessment. This method, however, did claim to be ‘clinician/coach 
friendly’[86, 415] implying limited previous knowledge or training is required to 
complete the screening protocol. While for the most part, the scoring criteria 
relating to the Tuck Jump Assessment is simplistic, certain terminology (such 
as ‘lower extremity valgus’) may be difficult to interpret by those 
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inexperienced in screening jump-landing technique. The visual aid provided 
with this screening tool, containing images of mistakes to look for in jump-
landing technique[86, 413] could assist in rectifying any confusion surrounding 
terminology. The Clinic-Based Algorithm also provided no guidelines for 
additional training, however, many of the measures used within this method 
are simplistic and would be familiar to the majority of clinicians (e.g. height, 
body mass, tibia length). Others, such as QuadHam ratio, and knee valgus and 
flexion motion, may again be difficult for coaches inexperienced in injury risk 
screening of athletes to easily understand and complete. It is important to note 
that an attempt to employ the Clinic-Based Algorithm by a group outside of 
the developers[412] was highlighted as having methodological errors that 
would likely have influenced results.[411] If certain aspects of the method are 
difficult to perform, and the accuracy of the algorithm relies on all aspects 
being undertaken correctly, further instructions or training guidelines may be 
beneficial to assist those wishing to use this method for athlete screening. 
Indications as to the level of training required to be competent in the LESS and 
OSDKV methods were identified. Onate et al.[94] compared the scoring 
responses between an ‘expert’ (co-developer of the screening method) and 
‘novice’ rater using the LESS. The ‘novice’ was provided with a one-hour 
training session, which consisted of reviewing each of the LESS scoring items 
and conducting a practice analysis of an athlete with the help of an ‘expert’ 
rater.[94] This one-hour session was sufficient for producing excellent reliability 
between ‘novice’ and ‘expert’ LESS scores.[94] While it is likely not feasible for 
an ‘expert’ rater to provide training to everyone who wishes to use the LESS, 
the fact that a short period of training can produce reliable scores is 
encouraging. If this information could be successfully transferred to a more 
widespread communicable medium (such as a web-based training video), 
Field-Based Screening Methods for ACL Injury Risk  
 
255 
there is the potential for uptake and accurate use of the LESS in wider 
community settings. The use of video for training purposes is not a foreign 
concept for ACL injury risk screening, with this technique employed to train 
raters on how to undertake the OSDKV method.[85] Raters were provided with 
a 20-minute training video that included background information on ACL 
injury risk factors, detailed rating instructions and footage of athletes for 
practice analyses.[85] In addition, prior to the rating session, ten-minutes was 
spent reviewing the rating instructions and performing additional practice 
ratings.[85] While sensitivity targets (> 80%) for identification of ‘high-risk’ 
athletes were rarely met by the three raters; consistent agreement was seen 
between raters, and the specificity of ratings was considered adequate for field 
screening purposes (60-72%).[85] It is important to note that the three raters 
used in this study were physiotherapists with at least five years of experience, 
and a high level of sports and orthopaedic expertise.[85] It may be the case that 
additional training or instruction is required when inexperienced users are 
performing the injury risk screening. Nonetheless, there is promising evidence 
that competency in injury risk screening can be achieved via a short (e.g. one-
hour) training period. Providing this training in an easily accessible and 
readily available form may increase the uptake and use of screening methods 
via improved understanding and knowledge. 
7.4.3.3 Utility of Outcomes 
Perhaps the most important factor when determining the usability of a 
screening method is whether the outcomes and implications from the method 
can be clearly understood and used to guide further intervention.[394] 
Dichotomous classification systems (i.e. ‘high-risk’ or ‘low-risk’), such as those 
seen within the OSDKV and iLESS methods,[85, 409] could be considered the 
simplest outcome with regard to ACL injury risk screening. The simplicity of 
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this classification presents certain benefits, particularly in wider community 
settings. First, a simple decision of ‘high-’ or ‘low-risk’ reduces the analysis 
burden on those undertaking screening. Second, the implications and 
subsequent intervention associated with these outcomes are easily understood 
(e.g. all individuals classified as ‘high-risk’ require subsequent intervention). 
However, this simplicity may create issues in accurately classifying difficult 
cases. With only two categories available, those individuals deemed as 
borderline ‘high-risk’ may be incorrectly classified resulting in reduced 
sensitivity. This was identified as a potential limitation by the developers of 
the OSDKV method, and it may be beneficial to err on the side of caution by 
allocating borderline cases to the ‘high-risk’ group.[85] As mentioned earlier, 
the benefits of identifying all truly high-risk individuals likely outweigh the 
costs associated with misclassification of certain low-risk individuals. 
In contrast, the majority of screening methods (i.e. LESS, LESS-RT, Clinic-
Based Algorithm, 2D-Cam Method and Tuck Jump Assessment) used 
continuous measures in classifying an individuals’ level of ACL injury risk.[86, 
87, 90-92, 410] These included the use of scores (LESS, LESS-RT and Tuck Jump 
Assessment),[86, 91, 410] risk probabilities (Clinic-Based Algorithm)[87, 90] and joint 
angles (2D-Cam Method).[92] These continuous measures allow individuals to 
be classified on a risk continuum, counteracting one of the limitations 
associated with a dichotomous classification system. Of those that used these 
continuous measures, higher values/scores were suggested to indicate greater 
ACL injury risk.[86, 87, 90-92, 410] This is useful in a comparative context, where 
athletes’ receiving higher scores can be identified as at greater risk of injury. It 
is important that these measures are coupled with recommendations as to 
what the results signify or at what stage intervention is required. The LESS 
and Tuck Jump Assessment methods were accompanied with such 
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recommendations, where scores of five or above[104] and six or above[86] on the 
respective methods are given as points where intervention is required. The 
Clinic-Based Algorithm provides a probability percentage of whether the 
individual will exhibit a high knee abduction moment during landing,[87, 88, 90] 
however there is no indication as to what point on this probability scale 
intervention is required. While a percentage is an easy value to understand, 
the interpretation of what is classified as ‘high-risk’ and where to intervene 
appears to remain up to the user. Similarly, the 2D-Cam Method indicates that 
greater frontal plane knee angles are indicative of increased risk,[92] but also 
provides no indication as to when this is reaching high-risk levels. The need 
for subjective interpretation of results may make these methods less applicable 
in certain wider community contexts where limited knowledge about what 
constitutes high-risk performance is present. 
It is important to acknowledge that only screening methods specific to ACL 
injury risk were included within this review. It is possible that other field-
based screening methods developed for lower limb injury or injuries to the 
knee in general may also be useful in screening for ACL injury risk. Two 
studies[397, 405] that examined screening methods for general lower limb injury 
were excluded from this review. Chorba et al.[397] examined whether the 
Functional Movement Screen (FMSTM) could be used to predict injuries in a 
population of female collegiate athletes. A FMSTM score of 14 or less resulted 
in a 4-fold increase in lower limb injury risk.[397] The specific types of lower 
limb injuries sustained were not reported, therefore it is difficult to determine 
the application of this method to ACL injuries specifically. Brumitt et al.[405] 
examined the utility of standing long jump, single-leg hop for distance, and 
lower extremity functional tests in identifying collegiate athletes at higher risk 
of injury. Female athletes who completed the lower extremity functional test 
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with a higher score were six times more likely to sustain a thigh or knee injury, 
and were four times more likely to suffer a foot or ankle injury if they exhibited 
greater than a 10% side-to-side asymmetry between single-leg hop 
distances.[405] The specifics of knee injuries sustained were also not reported in 
this study, again making it difficult to determine the application to ACL injury. 
Nonetheless, it appears there is some validity in utilising screening methods 
to identify general lower limb or area specific injury risk. Screening for lower 
limb injury or injuries to the knee in general may also be a viable and time 
efficient option for injury risk screening in wider community settings. 
However, given the traumatic nature and consequences associated with ACL 
injuries, it remains important to be able to identify the individuals at greater 
risk for this specific injury. 
7.5 Conclusions 
This study found limited evidence supporting the predictive ability of field-
based screening methods in identifying future ACL injuries. The LESS was 
predictive of ACL injuries in a youth athlete population,[104] however this result 
did not transfer to a high school and collegiate athlete cohort.[105] The Clinic-
Based Algorithm was validated against a biomechanical measure that has been 
identified as a significant predictor of ACL injuries (i.e. peak knee abduction 
moment). However, this method requires extensive additional equipment and 
time to complete and has only been validated in young (14-15 years old) 
female athletes. The Clinic-Based Algorithm may be limited in its application 
to a range of settings and athlete populations. The variants of the LESS appear 
to be the most applicable community wide screening methods as the scoring 
criteria target movement strategies associated with increases in ACL load or 
injury risk, and minimal equipment and set-up/analysis time is required. 
Field-Based Screening Methods for ACL Injury Risk  
 
259 
While the Tuck Jump Assessment requires minimal equipment and time to 
undertake, further research linking deficiencies in tuck jump technique to 
movement strategies that increase ACL loading or injury risk is required 
before this method can be recommended. Limited studies were available 
pertaining to the OSDKV and 2D-Cam Method, thus it is difficult to 
recommend the use of these screening methods in evaluating ACL injury risk. 
Differences between screening methods surrounding the equipment required, 
time taken to screen athletes, and applicability across varying sports and 
athletes were identified. These are important factors in determining the most 
appropriate screening method to use in various situations. Further research is 
required to determine the predictive ability of these screening methods in 
identifying injuries, as well as their ability to identify athletes who perform 
more sport-specific movements with high-risk lower limb biomechanics. This 
may allow for a better identification as to which screening methods may be 
more applicable to certain athletes, sports or athletic manoeuvres. The data 
presented within this review can be used to determine which screening 
method may be the best option or more applicable for use in certain settings, 
or with specific athlete populations. 
 
  
260 
Chapter Eight: Efficacy of Field-Based 
Anterior Cruciate Ligament Injury Risk 
Screening Methods in Identifying High-Risk 
Landing Postures during a Sport-Specific 
Task 
Adapted from: Fox AS, Bonacci J, McLean SG, Saunders N. Efficacy of ACL injury 
risk screening methods in identifying high-risk landing patterns during a sport-
specific task. Scand J Med Sci Sports. doi: 10.1111/sms.12715. 
 
8.1 Introduction 
Laboratory-based measures (e.g. three-dimensional motion analysis, force 
plates) are capable of estimating segment motions and joint kinetics during 
athletic tasks, providing an option to evaluate movement strategies that may 
predispose an athlete to anterior cruciate ligament (ACL) injury. This 
approach requires extensive laboratory-based equipment and training to 
complete, thus is likely inaccessible for the majority of the wider community. 
To combat this, field-based screening methods for identifying ACL injury risk 
have emerged.[431] The field-based screening methods examined in the 
previous chapter, namely the variants of the Landing Error Scoring System 
(LESS);[91, 409, 410] Clinic-Based Algorithm;[87, 90] Observational Screening of 
Dynamic Knee Valgus (OSDKV);[85] 2D-Cam Method;[92] and Tuck Jump 
Assessment;[86] propose to offer a simplistic method to identify dysfunction in 
an individual that may lead to ACL injury. Limited research was available 
pertaining to the OSDKV and 2D-Cam methods, while the significant 
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equipment required for the Clinic-Based Algorithm suggests this method may 
not be applicable for use across all settings. In contrast, the LESS and Tuck 
Jump Assessment have received significant attention in recent 
literature,[86, 91, 94, 104, 256, 410, 413, 414] and have minimal equipment and time costs 
associated with their use. These methods appear applicable for the majority of 
wider community settings and will therefore be the focus of this chapter. 
In order for an ACL injury risk screening method to be effective, it must be 
linked to the mechanical aetiology of ACL injuries. Noncontact ACL injuries 
are most frequently observed during unilateral sporting manoeuvres, such as 
side-step cutting or landing.[97-99, 103, 432] Screening methods that are efficacious 
in identifying athletes who employ movement strategies that increase ACL 
loading and injury risk during these high-risk sporting tasks are likely to be 
the most effective in detecting athletes at-risk of ACL injury. Both the LESS 
and Tuck Jump Assessment appear to address key biomechanical components 
of ACL injury risk in evaluating jump-landing technique.[86, 91, 94, 413] Despite this, 
there is conflicting evidence regarding the predictive validity of ACL injury 
risk screening methods in identifying ACL injuries.[431] While no prospective 
studies have incorporated the Tuck Jump Assessment method, two 
studies[104, 105] have examined the predictive ability of the LESS in identifying 
future ACL injuries. LESS scores were capable of identifying elite youth soccer 
athletes at-risk of future ACL injury with 86% and 64% sensitivity and 
specificity, respectively.[104] In contrast, no relationship between future ACL 
injury occurrences and LESS scores was found within a cohort of high school 
and collegiate athletes from a range of sports.[105] The populations examined 
across these studies differed in age, gender and the sports played, suggesting 
these may be important factors in the ability of screening methods to identify 
athletes at-risk of ACL injury. Currently, the design and validation of the LESS 
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and Tuck Jump Assessment screening methods have focused on identifying 
high-risk movement strategies during generic, non-sport-specific bilateral 
athletic tasks that are not typically associated with ACL injury 
occurrences.[86, 91, 94] Previous work has shown these generic tasks do not 
adequately represent those seen in a competitive sporting environment.[95, 96] 
In addition, noncontact ACL injuries occur almost exclusively during 
unilateral landing or plant-and-cut manoeuvres.[97, 99, 103] The efficacy of an ACL 
injury risk screening method may be dependent on its capacity to identify 
those who perform unilateral sporting manoeuvres associated with ACL 
injuries with high-risk lower limb biomechanics. Currently, neither the LESS 
or Tuck Jump Assessment have been evaluated for their ability to identify 
lower limb biomechanics associated with increases in ACL loads or injury risk 
during sport-specific manoeuvres known to cause ACL injury. Understanding 
the efficacy of these screening methods in identifying athletes who are 
potentially at greater risk of ACL injury during the performance of high-risk 
sporting tasks will aid in determining the applicability of these methods to 
specific sports or sporting movements. 
The purpose of this study was to examine the efficacy of two field-based 
screening methods for ACL injury risk in identifying lower limb biomechanics 
consistent with increased ACL loading or injury risk during a high-risk sport-
specific landing task. Specifically, this study aimed to: (i) examine whether 
increases in LESS/Tuck Jump Assessment scores were associated with the 
presence of lower limb biomechanics associated with ACL loading and injury 
risk; and (ii) examine the applicability of previously recommended LESS/Tuck 
Jump Assessment cut-off scores for identifying ‘high-risk’ athletes in 
identifying lower limb biomechanics consistent with increased ACL loading 
and injury risk. Due to the generic bilateral nature of the screening 
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movements, it was hypothesised that the scores obtained would have no 
relationship to the lower limb biomechanics from the sport-specific high-risk 
sporting task. Subsequently, the cut-off scores would not be successful in 
identifying ‘high-risk’ athletes. 
8.2 Methodology 
The majority of the methods employed in this study are comprehensively 
outlined in Chapter Three. The following methods are an abridged version of 
the sections specific to this chapter. 
8.2.1 Participants 
Thirty-two female netball players (age = 23.2 ± 3.1 years; height = 170.9 ± 7.7 
cm; mass = 67.6 ± 8.2 kg; netball experience = 12.47 ± 4.58 years) volunteered 
and provided written consent to participate in this study. All participants met 
the inclusion/exclusion criteria detailed in Section 3.2 of Chapter Three. 
8.2.2 Experimental Procedures 
Data from the bilateral drop vertical jump, tuck jump and netball-specific 
landing task (i.e. the leap landing) as described in Section 3.3.2, 3.3.3 and 3.3.1, 
respectively, performed during testing session one (i.e. baseline) were used 
within this study. The order of these tasks were randomised within the testing 
session across participants. Participants performed three successful trials of 
the bilateral drop vertical jump task as per the LESS protocol (see Figure 8.1, 
Page 265),[91] and one successful trial of the repeat tuck jump task as per the 
Tuck Jump Assessment protocol (see Figure 8.2, Page 265).[86] The netball leap 
landing was used as the high-risk sport-specific task within this study. 
Participants performed 20 successful trials of the leap landing on a 
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predetermined ‘landing limb.’ The landing limb was determined by asking 
participants which limb they would be more comfortable landing on when 
catching a pass during a game. Further to this, players were given an 
opportunity to trial landing on each limb to identify which they were more 
comfortable landing on. Each landing trial was initiated by breaking and 
accelerating from a static defender (model skeleton) from a position six-metres 
from the landing area, followed by a run-up and leap landing whilst catching 
a pass (see Figure 8.3, Page 265). Trials were repeated until the 20 successful 
trials were recorded. Participants were allocated 60-90 seconds rest between 
trials in an effort to minimise fatigue.[134, 255] Kinematic and kinetic data 
collected from the participants ‘landing limb’ during all landing trials were 
used within this study. 
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Figure 8.1 Sagittal view of bilateral drop vertical jump-landing task. 
 
 
Figure 8.2 Sagittal view of the tuck jump task. 
 
 
Figure 8.3 Sagittal view of the leap landing task. 
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8.2.3 Data Collection and Analysis 
For the LESS and Tuck Jump Assessment, video data were collected as per the 
procedures outlined in Section 3.4.3 of Chapter Three. Briefly, two commercial 
digital video cameras (30 Hz, Mini DV MD225, Canon, Macquarie Park, 
Sydney, Australia) placed 3.54 metres from a designated landing area 
simultaneously recorded frontal and sagittal views of the bilateral drop 
vertical jump and tuck jump tasks. Cameras were repositioned if the entire 
body of the participant could not be viewed throughout the task from this 
distance. The sagittal plane video camera was always placed on the side that 
could view the participant’s predetermined ‘landing limb.’ Scoring for both 
LESS and Tuck Jump Assessments were undertaken using ImageJ  video 
analysis software (US National Institutes of Health, Bethesda, MD, United 
States). The same individual performed scoring for all participants. 
Procedures and results for determining intra- and inter-rater reliability for 
both scoring methods are outlined in a later section of this chapter (see Section 
8.2.4.1, Page 272). 
To score the LESS, frontal and sagittal video footage of participants’ drop 
vertical jump-landing trials were assessed for movement ‘errors’ using the 
LESS scoring criteria.[91, 104] The LESS involves 17 score items or ‘errors,’ with 
19 being the maximum attainable score (see Table 8.1, Page 268).[91] Scoring 
items are dedicated to the assessment of: lower extremity and trunk position 
at initial ground contact; foot position at initial contact and the time between 
initial contact and maximum knee flexion; lower extremity and trunk 
movements between initial contact and maximum knee flexion; overall sagittal 
plane movement; and the general perception of landing quality.[91] ‘Errors’ 
were allocated if the criteria was met on at least two of the three trials, and 
were summed to calculate each participants’ LESS score.[91] Higher LESS scores 
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were representative of poorer jump-landing technique and used as an 
indication of increased ACL injury risk.[91] Individuals who receive a LESS 
score of five and above are proposed to be at greater risk of ACL injury.[104] 
Therefore, participants were placed in a ‘high-’ or ‘low-risk’ group based on 
whether their total LESS score met this threshold. 
To score the Tuck Jump Assessment, frontal and sagittal video footage of 
participants’ repeat tuck jump trial were assessed using the Tuck Jump 
Assessment scoring criteria.[86, 256] Deficits in tuck jump technique are identified 
via ten scoring items relating to knee and thigh motion, foot position during 
landing, and plyometric technique (see Table 8.2, Page 269).[86] The number of 
technique deficiencies were summed to give the participants’ Tuck Jump 
Assessment score, resulting in a maximum attainable score of ten.[86] Higher 
Tuck Jump Assessment scores were representative of more deficiencies in 
jump-landing technique and used as an indication of increased ACL injury 
risk.[86] Individuals who demonstrate six or more deficits in jump-landing 
technique are proposed to be at greater risk of ACL injury.[86] Therefore, 
participants were placed in a ‘high-’ or ‘low-risk’ group based on whether their 
total Tuck Jump Assessment score met this threshold. 
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Table 8.1 Operational definitions for Landing Error Scoring System 
items. Reproduced with permission from Padua et al.[104] 
LESS Item Operational Definition of Error Scoring 
Knee Flexion 
Initial Contact 
The knee is flexed less than 30O at initial contact. 0 = Absent 
1 = Present 
Hip Flexion 
Initial Contact 
The thigh is in line with the trunk at initial contact. 0 = Absent 
1 = Present 
Trunk Flexion 
Initial Contact 
The trunk is vertical or extended on the hips at initial contact. 0 = Absent 
1 = Present 
Ankle Plantarflexion 
Initial Contact 
The foot lands heel to toe or with a flat foot at initial contact. 0 = Absent 
1 = Present 
Medial Knee Position 
Initial Contact 
The center of the patella is medial to the midfoot at initial contact. 0 = Absent 
1 = Present 
Lateral Trunk Flexion 
Initial Contact 
The midline of the trunk is flexed to the left or the right side of the 
body at initial contact. 
0 = Absent 
1 = Present 
Stance Width 
Wide 
The feet are positioned greater than a shoulder width apart (acromion 
processes) at initial contact. 
0 = Absent 
1 = Present 
Stance Width 
Narrow 
The feet are positioned less than a shoulder width apart (acromion 
processes) at initial contact. 
0 = Absent 
1 = Present 
Foot Position 
External Rotation 
The foot is internally rotated more than 30O between initial contact and 
maximum knee flexion. 
0 = Absent 
1 = Present 
Foot Position 
Internal Rotation 
The foot is externally rotated more than 30O between initial contact 
and maximum knee flexion. 
0 = Absent 
1 = Present 
Symmetric Initial 
Foot Contact 
One foot lands before the other foot or 1 foot lands heel to toe and the 
other foot lands toe to heel. 
0 = Absent 
1 = Present 
Knee Flexion 
Displacement 
The knee flexes less than 45O between initial contact and maximum 
knee flexion. 
0 = Absent 
1 = Present 
Hip Flexion 
Displacement 
The thigh does not flex more on the trunk between initial contact and 
maximum knee flexion. 
0 = Absent 
1 = Present 
Trunk Flexion 
Displacement 
The trunk does not flex more between initial contact and maximum 
knee flexion. 
0 = Absent 
1 = Present 
Medial Knee 
Displacement 
At the point of maximum medial knee position, the center of the 
patella is medial to the midfoot. 
0 = Absent 
1 = Present 
Joint Displacement Soft: the participant demonstrates a large amount of trunk, hip, and 
knee displacement. 
Average: the participant has some, but not a large amount of, trunk, 
hip, and knee displacement. 
Stiff: the participant goes through very little, if any, trunk, hip, and 
knee displacement. 
0 = Soft 
1 = Average 
2 = Stiff 
Overall Impression Excellent: the participant displays a soft landing with no frontal-plane 
or transverse plane motion. 
Poor: the participant displays large frontal-plane or transverse-plane 
motion, or the participant displays a stiff landing with some frontal-
plane or transverse-plane motion. 
Average: all other landings 
0 = Excellent 
1 = Average 
2 = Poor 
LESS – Landing Error Scoring System 
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Table 8.2 Operational definitions for Tuck Jump Assessment items. 
Reproduced with permission from Myer et al.[86] 
Tuck Jump Assessment Scoring Items Scoring 
Is there knee valgus on landing? Are the hip, knee and foot aligned with no 
inward knee collapse? 
0 = No Valgus 
1 = Valgus Present 
Do the thighs reach parallel at the peak of the jump? 0 = Parallel Thighs 
1 = Thighs not Parallel 
Are the thighs equal side-to-side during the flight phase of the jump? 0 = Equal Thighs 
1 = Unequal Thighs 
Are the feet placed shoulder width apart? 0 = Shoulder Width 
1 = Narrow 
Are the feet placed parallel front-to-back? 0 = Feet Parallel 
1 = Feet not Parallel 
Is foot contact timing equal? 0 = Symmetrical Contact 
1 = Asymmetrical Contact 
Is there a consistent point of landing? Does landing occur in the same foot print? 0 = Consistent 
1 = Inconsistent 
Is there excessive landing contact noise? 0 = Minimal Noise 
1 = Excessive Noise 
Is there a pause between jumps? 0 = No Pause 
1 = Pause 
Does technique decline over the 10 second period? 0 = Consistent Technique 
1 = Technique Declines 
  
Kinematic and kinetic data from the leap landing task were collected and 
analysed as per the procedures outlined in Section 3.4.2 of Chapter Three. 
Briefly, three-dimensional (3D) kinematics and kinetics of the lower limb were 
computed using an established musculoskeletal model.[305, 310] An eight camera 
3D motion capture system (Vicon, Oxford Metrics Limited, Oxford, United 
Kingdom) sampling at 250 Hz, synchronised with a 600 mm by 900 mm in 
ground force plate (Advanced Medical Technology Incorporated, Watertown, 
MA, United States) sampling at 1000 Hz collected marker trajectory and 
ground reaction force (GRF) data. Marker trajectory and GRF data were low-
pass filtered using a cubic smoothing spline with a cut-off frequency of 12 Hz. 
Three-dimensional hip and knee joint rotations were calculated from filtered 
marker trajectory data using an X-Y-Z Cardan angles sequence; with the X, Y 
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and Z axes representing joint rotations in the sagittal, frontal and transverse 
planes, respectively.[138] Kinematic data were expressed relative to each 
participant’s stationary (neutral) trial.[56, 310, 311] Three-dimensional hip and knee 
external joint moments were calculated by submitting the filtered marker 
trajectory and GRF data to a conventional inverse dynamics analysis.[261] Joint 
moments were expressed in the reference frames of the joint coordinate 
systems and were normalised by dividing the total joint moment (Nm) by the 
product of the participant’s weight and height (kgm). Joint rotation and 
moment data were extracted from the instance of initial contact (IC) through 
to 150 ms post IC across all landing trials. This time window was chosen for 
biomechanical variables as ACL injuries are thought to occur within the early 
deceleration phase of landing.[161] 
8.2.4 Statistical Analysis 
A waveform analysis, using one-dimensional statistical parametric mapping 
(SPM1D) was implemented via open source code[369, 371] in Python 2.7 using 
Canopy 1.5 (Enthought Incorporated, Austin, TX, United States). Specifically, 
canonical correlations analysis (CCA),[362] the vector-field equivalent of SPM1D 
linear regression, was used to examine the relationships between total 
LESS/Tuck Jump Assessment scores and the 3D joint rotation and moment 
waveform data extracted from the leap landing task. This analysis determined 
the strength of the predictor variable, in this case LESS/Tuck Jump Assessment 
score, at each time node across the joint rotation and moment waveforms. 
Correlations between screening method scores were examined for the mean 
hip and knee joint rotation (RXYZ) and joint moment (MXYZ) vector-fields from 
each participants’ successful sport-specific landing trials. Planned post-hoc 
analyses of joint rotation (RXY, RXZ, RYZ) and joint moment (MXY, MXZ, MYZ) 
vector-field couples using CCA; and the individual joint rotation (RX, RY, RZ) 
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and joint moment (MX, MY, MZ) components using SPM1D linear regression 
were also conducted.  
The 3D kinematic and kinetic waveforms between ‘high-’ and ‘low-risk’ 
groups identified via both the LESS and Tuck Jump Assessment score 
thresholds were compared using two-sample Hotelling’s T2 tests.[362] 
Comparisons of ‘high-’ and ‘low-risk’ groups were undertaken for the mean 
hip and knee joint rotation (RXYZ) and joint moment (MXYZ) vector-fields from 
each participants’ successful landing trials. Planned post-hoc comparisons of 
joint rotation (RXY, RXZ, RYZ) and joint moment (MXY, MXZ, MYZ) vector-field 
couples using Hotelling’s T2 tests; and of the individual joint rotation (RX, RY, 
RZ) and joint moment (MX, MY, MZ) components using SPM1D two-sample t-
tests were also conducted.  
A Type I family-wise error rate of alpha = 0.05 was retained by calculating a 
corrected threshold based on the number of vector components (i.e. joints = 2 
and planes = 3) used for analysis.[362, 370] This correction resulted in an alpha 
level of 0.0083 being used for all analyses. Subsequently, for each SPM statistic 
a critical threshold was calculated at the corrected alpha level to determine 
where statistically significant results were present. A statistically significant 
result was identified where the SPM statistical curve exceeded this critical 
threshold. A supra-threshold cluster indicated that the same result would be 
produced by random curves in only 0.83% of repeated tests. The subsequent 
probabilities (i.e. p-values) with which supra-threshold regions of the SPM 
statistical curve could have resulted from repeated samplings of equally 
smooth random curves were then calculated. 
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8.2.4.1 Intra- and Inter-Rater Reliability 
High levels of intra- and inter-rater reliability have been previously 
established for both the LESS and Tuck Jump Assessment methods.[86, 91, 94, 105, 
256] Within this study, the same process was followed in assessing reliability for 
both screening methods. A subset of ten participants’ videos were reviewed at 
two time points, separated by one week to determine intra-rater (i.e. within 
rater) reliability. A separate investigator also reviewed these ten participants’ 
videos, with scores compared across investigators to determine inter-rater (i.e. 
between rater) reliability. Reliability for the individual scoring items/criterion 
was assessed by calculating Cohen’s kappa (κ) in conjunction with the 
percentage of exact agreement (PEA), using the equation: 
ܲܧܣ ൌ ܰݑܾ݉݁ݎ݋݂ܽ݃ݎ݁݁݀ݏܿ݋ݎ݁ݏܰݑܾ݉݁ݎ݋݂ܽ݃ݎ݁݁݀ݏܿ݋ݎ݁ݏ ൅ ܰݑܾ݉݁ݎ݋݂݀݅ݏܽ݃ݎ݁݁݀ݏܿ݋ݎ݁ݏ ൈ ͳͲͲ 
Reliability of the total scores was assessed by calculating the mean difference 
with 95% limits of agreement between raters.[433] For the LESS, the average PEA 
and Cohen’s κ across all scoring criterion was 97.0% (κ = 0.933) (PEA range = 
80.0 – 100.0%; κ range = 0.524 – 1.000) and 90.0% (κ = 0.745) (PEA range = 70.0 
– 100.0%; κ range = 0.286 – 1.000) within- and between-raters, respectively. The 
mean difference and 95% limits of agreement for total LESS scores were 
calculated as 0.50 ± 1.03 and 0.40 ± 1.01 within- and between-raters, 
respectively. For the Tuck Jump Assessment, the average PEA and Cohen’s κ 
across all scoring criterion was 97.0% (κ = 0.940) (PEA range = 90.0 – 100.0%; κ 
range = 0.737 – 1.000) and 84.0% (κ = 0.689) (PEA range = 70.0 – 100.0%; κ range 
= 0.400 – 1.000) within- and between-raters, respectively. The mean difference 
and 95% limits of agreement for total Tuck Jump Assessment scores were 
calculated as 0.30 ± 0.94 and 1.00 ± 1.30 within- and between-raters, 
respectively. The reliability values for both screening methods were similar to 
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those previously reported and accepted as reliable.[91, 94, 256] A full summary of 
results from intra- and inter-rater reliability testing are presented in Appendix 
I (see Page 417). 
8.3 Results 
8.3.1 LESS Results 
The average LESS score across participants was 4.9 ± 2.3 (range = 0 – 9) (see 
Figure 8.4). LESS scores were related to sagittal plane knee joint rotations (RX) 
at 30 – 57 ms post IC (p = 0.003; see Figure 8.5, Page 274). Higher LESS scores 
were associated with reduced knee flexion during this phase of the leap 
landing task. CCA and SPM1D linear regression revealed no further 
statistically significant relationships between LESS scores and the hip or knee 
joint rotation or moment vector-field combinations or individual waveforms 
from the leap landing task. 
 
Figure 8.4 Histogram illustrating the distribution of Landing Error 
Scoring System (LESS) scores across the participants 
examined. 
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A. 
 
B. 
 
Figure 8.5  Relationship between Landing Error Scoring System (LESS) 
score and knee flexion during the leap landing task. A) A 
statistically significant relationship between LESS scores and 
knee flexion is indicated at 30 – 57 milliseconds (ms) after 
initial contact (IC). B) Mean knee flexion during the leap 
landing task of participants scoring in the lower (n = 4; solid 
line), upper (n = 7; dotted line) and middle (n = 21; dashed line) 
quartiles for LESS score and highlights the relationship 
between increasing LESS score and knee flexion. 
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The characteristics of participants allocated to the ‘high-’ and ‘low-risk’ groups 
based on the LESS cut-off score of five and above are presented in Table 8.3. 
Mean hip and knee joint rotations and moments from IC through to 150 ms 
post IC during the leap landing task, respectively, from the ‘high-’ and ‘low-
risk’ groups are presented in Figure 8.6 (see Page 276) and Figure 8.7 (see Page 
277). 
Table 8.3  Characteristics of participants allocated to ‘high-’ and ‘low-
risk’ groups based on Landing Error Scoring System (LESS) 
score. 
 HIGH-RISK 
(n = 21) 
LOW-RISK 
(n = 11) 
AGE (y) 23.0 ± 3.1 23.5 ± 3.4 
HEIGHT (cm) 170.3 ± 8.2 172.1 ± 6.6 
MASS (kg) 67.2 ± 7.1 68.2 ± 10.3 
LESS SCORE* 6.1 ± 1.4 2.5 ± 1.6 
* - significantly higher scores observed for the ‘high-risk’ group 
Two-sample t-tests revealed no statistically significant differences between the 
‘high-’ and ‘low-risk’ groups for age, height and weight (p > 0.05). Significantly 
higher LESS scores were observed for participants in the ‘high-risk’ group (p 
< 0.001; 95% CI [2.48, 4.72]). SPM1D found no statistically significant 
differences for hip and knee joint rotations or moments between groups. 
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Figure 8.6  Mean hip and knee joint rotations from initial contact (IC) 
through to 150 milliseconds (ms) post IC during the leap 
landing task of participants allocated as ‘high-’ and ‘low-risk’ 
based on Landing Error Scoring System (LESS) score. FLEX – 
flexion; EXT – extension; ADD – adduction; ABD – adduction; 
IR – internal rotation; ER – external rotation. 
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Figure 8.7  Mean normalised hip and knee joint moments from initial 
contact (IC) through to 150 milliseconds (ms) post IC during 
the leap landing task of participants allocated as ‘high-‘ and 
‘low-risk’ based on Landing Error Scoring System (LESS) 
score. Mom. – moment; EXT – extension; FLEX – flexion; ABD 
– abduction; ADD – adduction; ER – external rotation; IR – 
internal rotation. 
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8.3.2 Tuck Jump Assessment Results 
The average Tuck Jump Assessment score across participants was 4.5 ± 1.6 
(range = 2 – 8) (see Figure 8.8). CCA revealed no statistically significant 
relationships between Tuck Jump Assessment scores at any time points across 
the hip and knee joint rotation or moment vector-field combinations from the 
leap landing task. SPM1D linear regression revealed no statistically significant 
relationships between Tuck Jump Assessment scores at any time points across 
the individual hip and knee joint rotation or moment waveforms from the leap 
landing task. 
 
Figure 8.8 Histogram illustrating the distribution of Tuck Jump 
Assessment scores across the participants examined. 
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The characteristics of participants allocated to the ‘high-’ and ‘low-risk’ groups 
based on the Tuck Jump Assessment cut-off score of six and above are 
presented in Table 8.4. Mean hip and knee joint rotations and moments from 
IC through to 150 ms post IC during the leap landing task, respectively, from 
the ‘high-‘ and ‘low-risk’ groups are presented in Figure 8.9 (see Page 280) and 
Figure 8.10 (see Page 281). 
Table 8.4  Characteristics of participants distributed to ‘high-’ and ‘low-
risk’ groups based on Tuck Jump Assessment score. 
 HIGH-RISK 
(n = 9) 
LOW-RISK 
(n = 23) 
AGE (y) 21.6 ± 2.0 23.8 ± 3.3 
HEIGHT (cm) 169.1 ± 4.9 171.6 ± 8.5 
MASS (kg) 67.2 ± 10.7 67.7 ± 7.3 
TUCK JUMP SCORE* 6.4 ± 0.7 3.8 ± 1.1 
* - significantly higher scores observed for the ‘high-risk’ group 
 
Two-sample t-tests revealed no statistically significant differences between the 
‘high-’ and ‘low-risk’ groups for age, height and weight (p > 0.05). Significantly 
higher Tuck Jump Assessment scores were observed for participants in the 
‘high-risk’ group (p < 0.001; 95% CI [1.86, 3.47]). SPM1D found no statistically 
significant differences for hip and knee joint rotations or moments between 
groups. 
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Figure 8.9  Mean hip and knee joint rotations from initial contact (IC) 
through to 150 milliseconds (ms) post IC during the leap 
landing task of participants allocated as ‘high-’ and ‘low-risk’ 
based on Tuck Jump Assessment (TJA) score. FLEX – flexion; 
EXT – extension; ADD – adduction; ABD – abduction; IR – 
internal rotation; ER – external rotation. 
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Figure 8.10  Mean normalised hip and knee joint moments from initial 
contact (IC) through to 150 milliseconds (ms) post IC during 
the leap landing task of participants allocated as ‘high-’ and 
‘low-risk’ based on Tuck Jump Assessment (TJA) score. Mom. 
– moment; EXT – extension; FLEX – flexion; ABD – abduction; 
ADD – adduction; ER – external rotation; IR – internal rotation. 
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8.4 Discussion 
Screening methods that can identify individuals who employ high-risk 
movement strategies during sporting tasks associated with ACL injuries are 
likely to be the most effective in detecting those at-risk of ACL injury. The 
purpose of this study was to examine the efficacy of the Landing Error Scoring 
System (LESS) and Tuck Jump Assessment screening methods in identifying 
high-risk lower limb biomechanics consistent with increased or ACL loading 
or injury risk during a high-risk sport-specific landing task. Minimal 
relationships between lower limb biomechanics during the leap landing and 
scores received from either screening method were identified, suggesting 
these screening methods may not be applicable for identifying ACL injury risk 
within the netball-specific context examined. 
This study found no relationships between participants’ hip and knee joint 
biomechanics during a netball leap landing task linked with ACL injuries and 
the scores they received from the Tuck Jump Assessment screening method. 
Currently there are no studies that have validated the Tuck Jump Assessment 
against ACL injury occurrences or laboratory-based 3D measures. The results 
of this study and the paucity of literature validating the predictive ability of 
the Tuck Jump Assessment makes it difficult to recommend this method for 
ACL injury risk screening purposes. 
A significant relationship between LESS scores and knee flexion during the 
leap landing task was identified in this study. Higher LESS scores (i.e. 
suggestive of increased ACL injury risk) were associated with reduced knee 
flexion during an early portion (30 – 57 ms post IC) of the landing. Limited 
knee flexion during landing has been linked to higher ACL loads[25] and ACL 
injuries often occur with a more extended knee.[97, 99] In addition; ACL injuries 
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are thought to occur within the early deceleration phase of landing,[161] 
highlighting the importance of sufficient knee flexion during this phase. The 
link between higher LESS scores and reduced knee flexion identified within 
this study suggests this screening method may have some utility in identifying 
high-risk movement strategies during high-risk sporting tasks. However, no 
additional relationships were identified between LESS scores and hip and 
knee joint rotations or moments across other planes. Injuries to the ACL are 
proposed to occur via a multiplanar mechanism,[33] with frontal and transverse 
plane biomechanics acknowledged as key factors in modulating ACL 
loads.[20-23, 28, 32, 160] Therefore, a screening method that detects biomechanical 
deficits during high-risk sporting tasks in a single plane alone may not be 
efficacious in identifying athletes at greater risk of ACL injury. 
The relationship between LESS scores and knee flexion is consistent with 
earlier work,[91] however the absence of a relationship across other joint 
rotations and moments is in contrast to the findings of others.[91, 94] Lower LESS 
scores have been associated with decreased hip flexion; increased hip 
adduction and knee valgus angles and moments; and increased hip and knee 
internal rotation angles during bilateral drop vertical jump-landings.[91] These 
contrasting findings may have resulted from the different tasks used to 
evaluate the ability of LESS scores to identify high-risk landing biomechanics. 
Generic bilateral landing tasks may not adequately represent the lower limb 
biomechanics experienced during high-risk sport-specific manoeuvres,[95, 96] 
particularly those important for evaluating ACL injury risk. Kristianslund and 
Krosshaug[96] found poor correlations for knee abduction moments between 
bilateral drop vertical jumps and sport-specific side-step cutting. Knee 
abduction angles during bilateral drop vertical jumps were also poorly 
correlated to knee abduction moments during the side-step cutting task.[96] 
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Comparison of a bilateral drop landing to a sport-specific volleyball spike 
jump-landing revealed differences in landing forces and lower limb motion 
and alignment.[95] Even when applied to a bilateral sporting task, generic 
landing movements still may not represent what is experienced in a 
competitive sporting environment.[95]  
The different measurement methods used across tasks within this study may 
have also played a role in the limited relationships between screening method 
scores and lower limb biomechanics from the leap landing task. Three-
dimensional methods, such as those used to monitor leap landing 
performance, are more reliable and sensitive to high-risk lower limb 
biomechanics in comparison to the two-dimensional observational 
assessments used as part of the LESS and Tuck Jump Assessment.[85] It may be 
that application of three-dimensional methods to the scoring criteria of the 
LESS and Tuck Jump Assessment would improve their relationship to lower 
limb biomechanics from the leap landing task. As the purpose of this study 
was to test the efficacy of these screening methods in the manner in which they 
are intended to be used (i.e. with two-dimensional visual observation), three-
dimensional data from the bilateral drop vertical jump and tuck jump tasks 
was not used. Therefore, this study cannot confirm whether the different 
measurement methods used across tasks was a factor in the limited 
relationships found. However, as previous work has shown that LESS scores 
are sensitive to three-dimensional measures during drop vertical jump-
landings,[91, 94] it is likely that the different landing task used in this study 
played a major role in the findings. Nonetheless, the limited ability of generic 
bilateral landing tasks to predict lower limb postures during high-risk sport-
specific manoeuvres poses the question as to whether these tasks are 
appropriate for validating ACL injury risk screening methods. Examining 
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ACL injury risk screening methods against sport-specific movements 
associated with ACL injuries may be a more appropriate approach in 
determining the efficacy of these methods in detecting high-risk landing 
postures. 
It is also important to consider the population examined in this study and how 
this may have impacted on the ability of the screening methods to detect high- 
versus low-risk lower limb biomechanics. The use of a healthy cohort with no 
previous history of serious lower limb injury may present a ‘biased sample.’ 
These participants may not have displayed aberrant lower-limb biomechanics, 
with this impacting on the ability of the screening methods to detect higher- 
versus lower-risk athletes. Despite the use of a healthy cohort, a large range of 
values was observed across key biomechanical variables associated with ACL 
injury risk (see Figure 8.11, 286). Similarly large ranges were also observed for 
LESS (see Figure 8.4, Page 273) and Tuck Jump Assessment (see Figure 8.8, 
Page 278) scores. In combination these data support the finding that both LESS 
and Tuck Jump Assessment scores had minimal relationships to lower limb 
biomechanics during the leap landing. 
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Figure 8.11 Histogram illustrating the distribution of values for A) knee 
flexion at initial contact; B) peak knee flexion; C) knee 
abduction at initial contact; D) peak knee abduction; E) peak 
knee abduction moment; and E) peak knee internal rotation 
moment during the leap landing task across the participants 
examined. 
Participants allocated to the ‘high-risk’ groups based on the recommended 
cut-off scores from Padua et al.[104] and Myer et al.[86] had significantly higher 
(i.e. suggestive of increased ACL injury risk) LESS and Tuck Jump Assessment 
scores compared to the ‘low-risk’ groups. However, no differences in hip and 
knee joint rotations and moments from the leap landing task were found 
between these ‘high-’ and ‘low-risk’ groups. While it would be expected that 
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those in the ‘high-risk’ groups would exhibit biomechanical deficits associated 
with ACL loading or injury risk, the cross-sectional nature of this study is a 
limiting factor in determining whether the ‘high-risk’ individuals as 
determined by the LESS and Tuck Jump Assessment methods were truly at a 
greater risk of ACL injury. As no follow-up data pertaining to ACL injuries 
was collected, these results cannot confirm that the screening methods 
examined do not identify athletes’ at-risk of future ACL injury. Interestingly, 
a substantially different proportion of participants were allocated to the ‘high-
’ and ‘low-risk’ groups for the two different screening methods. While almost 
two-thirds of participants were considered ‘high-risk’ based on their LESS 
score, a similar number of participants were deemed ‘low-risk’ based on their 
Tuck Jump Assessment score (see Table 8.3, Page 275 and Table 8.4, Page 279, 
respectively). Further examination revealed that agreement between the 
methods for ‘high-’ and ‘low-risk’ was only found for six and eight 
participants, respectively. The large number of participants deemed as ‘high-
risk’ by the LESS could suggest the cut-off value used was overly sensitive, 
while the small number of participants deemed ‘high-risk’ by the Tuck Jump 
Assessment could indicate the cut-off value was not sensitive enough. It may 
also be that the screening methods and cut-off values used were not applicable 
to the population examined. Padua et al.[104] found that LESS scores were 
capable of identifying elite youth soccer athletes at-risk of future ACL injury 
with 86% and 64% sensitivity and specificity, respectively. In contrast, Smith 
et al.[105] found no relationship between future ACL injury occurrences and 
LESS scores within a cohort of high school and collegiate athletes from a range 
of sports. The populations examined across these previous studies and the 
current study differ in age, gender and the sports played. This may be an 
important factor in the efficacy of a screening method in identifying athletes 
at-risk of ACL injury. While the mechanism for noncontact ACL injuries 
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appears consistent across sports, the tasks being performed in the lead up or 
at the injury event may differ.[5, 101-103] Sport-specific variations in athletic 
manoeuvres can also have a modulating effect on lower limb biomechanics.[154, 
155] A ‘one-size fits all’ approach with regard to the use of screening methods, 
and how cut-off values for determining injury risk are applied, across different 
populations and sports may not be appropriate. A screening methods efficacy 
in identifying high-risk movement strategies and/or individuals may vary 
across different high-risk sport-specific tasks. Examination of screening 
methods against a range of sport-specific tasks associated with ACL injuries 
may be valid for identifying the most appropriate method(s) across different 
sports. 
Evaluating an athlete’s movement technique during more ecologically valid 
tasks relevant to their sport, comparable to those seen in competitive 
environments when injuries occur, is a potential strategy for improving the 
efficacy of ACL injury risk screening. There are, however, advantages and 
disadvantages to consider regarding this approach. Movements such as 
unplanned side-stepping more closely emulate a competitive environment 
and the potential ACL injury mechanism by limiting decision time and 
increasing knee loading.[247] The inclusion of sport-specific factors, such as 
carrying or catching a ball, have also been shown to influence knee angles and 
moments during athletic manoeuvres.[154, 155] Screening athletes’ movement 
technique in these more game-like situations could theoretically yield greater 
details regarding their ability to avoid an injurious event in a competitive 
context. However, exposing athletes’ to a potentially high-risk task for the 
purpose of injury risk screening may be undesirable for coaches. In addition, 
a number of factors pertaining to technique can influence important 
biomechanical measures of injury risk during these tasks[304] which could 
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increase the analysis and time burdens associated with screening. Movements 
that are safe to perform, and simplistic to observe and evaluate may be the 
most applicable for injury risk screening. Investigating the relationships 
between movement tasks that fit these criteria and high-risk sport-specific 
manoeuvres could identify relevant movements for field-based ACL injury 
risk screening protocols. This will be undertaken in the following chapter, 
exploring the relationship between a simplistic unilateral task and a netball 
leap landing in order to examine the utility of including a unilateral movement 
within netball-specific ACL injury risk screening protocols. 
It is important to acknowledge that this study focused on one sport-specific 
manoeuvre associated with ACL injuries, namely, a netball leap landing. The 
findings from this study, therefore, are only applicable to ACL injury risk 
screening in the netball-specific context examined. The different landing task 
examined within this study may be a potential reason for the dissimilar 
findings to previous works[91, 94] that have examined the validity of screening 
methods in identifying high-risk landing postures. This does, however, 
highlight the need to explore the validity of screening methods against a range 
of high-risk sporting tasks.   
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8.5 Conclusions 
This study identified minimal relationships between lower limb biomechanics 
during a netball leap landing and scores received from the LESS and Tuck 
Jump Assessment ACL injury risk screening methods. These findings suggest 
the LESS and Tuck Jump Assessment may not be applicable for ACL injury 
risk screening in the netball-specific context examined. Exploring the 
relationships between additional movement tasks and leap landings may 
reveal more applicable approaches for identifying athletes’ at-risk of ACL 
injury within this sport. Considering the unilateral nature of leap landings and 
that the majority of noncontact ACL injuries occur via a unilateral mechanism, 
screening methods incorporating unilateral movements may be more 
appropriate for field-based ACL injury risk screening protocols. 
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Chapter Nine: The Relationship between 
Performance of a Single-Leg Squat and Leap 
Landing Task: Moving Towards a Netball-
Specific Anterior Cruciate Ligament Injury 
Risk Screening Method 
 
9.1 Introduction 
Identifying athletes’ at-risk of anterior cruciate ligament (ACL) injury appears 
to be an important step in effective and efficient ACL injury prevention 
practice.[84] Athletes’ who demonstrate high-risk movement strategies appear 
to receive the greatest improvements in biomechanical factors associated with 
ACL injury following neuromuscular training.[71, 83, 84] Screening methods that 
are capable of detecting athletes who utilise high-risk movement strategies 
may therefore be useful in identifying those who will benefit the most from 
intervention. Further, screening methods may be useful in identifying specific 
biomechanical deficits that require targeting within ACL injury prevention 
programs.[358] Noncontact ACL injuries occur at the highest rate in sports 
which require frequent cutting and landing movements.[1] Therefore, the need 
for effective ACL injury risk screening protocols within these sports is 
imperative. 
Netball is often recognised as a particularly high-risk sport for ACL 
injuries.[234-236] Within netball, landings are often implicated as the high-risk 
task for ACL injuries.[103, 238, 245] In particular, a leap landing while catching a 
pass is a common task associated with noncontact ACL injuries within the 
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sport.[103, 245] Screening methods that identify athletes who employ movement 
strategies associated with ACL loading and injury risk during this type of 
landing manoeuvre are likely to be the most effective in detecting netball 
players at-risk of ACL injury. The previous study found two established field-
based screening methods for ACL injury risk, the Landing Error Scoring 
System (LESS) and Tuck Jump Assessment, were ineffective in identifying 
lower limb biomechanics consistent with increased ACL loading during a 
netball-specific leap landing manoeuvre performed while catching a pass. It 
was proposed that the bilateral athletic tasks (i.e. drop vertical jump-landing 
and repeated tuck jumps) used within these screening methods were not 
associated with the high-risk landing task examined, and was a contributing 
factor to the results. The effectiveness of field-based screening methods for 
ACL injury risk appears to vary across different sports and sporting 
populations.[104, 105] Therefore, a ‘one-size fits all’ approach to the use of 
screening methods across different sports and populations may not be 
appropriate. The limited effectiveness of the LESS and Tuck Jump Assessment 
methods highlighted in the previous study indicates that further exploration 
of ACL injury risk screening methods in a netball-specific context is required. 
Investigating athletic tasks that are better linked to leap landings may identify 
more optimal movements for ACL injury risk screening within a netball-
specific context. 
The single-leg squat is a simplistic, commonly used movement for assessing 
lower limb function across a range of clinical contexts.[257, 434, 435] Numerous 
studies have highlighted the ease of use and reliability of visual assessment of 
the single-leg squat.[400, 422, 423, 434, 436, 437] Substantial agreement is often reported 
within- and between-raters for visual rating criteria across a range of 
movement characteristics, such as medio-lateral knee motion;[422, 437] frontal 
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plane knee angle and alignment;[400, 423, 436] pelvis motion and alignment;[423] 
frontal plane foot motion;[437] and general overall movement quality.[434, 437] A 
key factor in the reliability and ease of use for visual ratings of single-leg squat 
performance may be the speed of movement.[423] Faster movements, such as 
drop vertical jump-landings, are more difficult to visually rate.[438] Therefore, 
the speed at which the single-leg squat is performed makes it an easy 
movement to visually observe. This highlights a beneficial aspect of using the 
single-leg squat as a potential screening movement for field-based assessment 
of ACL injury risk. 
There is also evidence that movement characteristics during single-leg squats 
are related to lower limb biomechanics during unilateral cutting and landing 
tasks.[439, 440] Strong correlations (Pearson’s r > 0.50) have been observed 
between the magnitude of frontal and transverse plane knee angular 
displacement between a single-leg squat and single-leg drop landing task.[439] 
Further, moderate to strong associations (r = 0.38 – 0.76) between peak hip 
flexion, hip internal rotation, knee flexion and knee abduction angles between 
a single-leg squat and side-step cutting task have also been observed.[440] 
However, in direct contrast to these results, Stensrud et al.[441] found poor 
correlations for knee abduction angle between a single-leg squat and single-
leg drop vertical jump task. Marshall et al.[439] also found no association 
between hip and knee biomechanical variables when examining the 
relationship between a single-leg squat and side-step cut. Methodological 
inconsistencies may be a reason for these conflicting findings. The landing and 
cutting tasks examined largely varied across studies, ranging from single-leg 
drop vertical jumps[441] and drop landings,[439] to side-step cutting tasks 
performed at 75[439] and 90 degree angles.[440] Screening for ACL injury risk 
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using a single-leg squat may therefore only be relevant to sports where the 
high-risk task(s) are associated with single-leg squat performance. 
The relationship between single-leg squat performance and lower limb 
biomechanics during a netball leap landing are yet to be examined. The single-
leg squat may be a particularly relevant movement for ACL injury risk 
screening within a netball context. The hip and knee motion experienced 
during the initial deceleration phase of leap landings, where unilateral weight 
acceptance is required, closely resembles the lower limb positioning 
experienced during the descent phase of a single-leg squat. Due to this, 
movement dysfunctions that present during single-leg squat performance 
may also present during leap landings. Should this be the case, the single-leg 
squat may be a useful movement to incorporate within netball-specific field-
based ACL injury risk screening protocols.  
The purpose of this study was to determine the relationship between the 
performance of a single-leg squat and a netball-specific leap landing task, in 
order to examine the utility of including a single-leg squat movement within 
netball-specific ACL injury risk screening protocols. Specifically, this study 
aimed to identify whether lower limb biomechanical patterns from a single-
leg squat task were associated with hip and knee lower limb biomechanical 
patterns from a leap landing. Due to the similarities in lower limb postures 
between tasks, it was hypothesised that lower limb biomechanical patterns 
from the single-leg squat would be associated with hip and knee lower limb 
biomechanical patterns from the leap landing task. 
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9.2 Methodology 
The majority of the methods employed in this study are comprehensively 
outlined in Chapter Three. The following methods are an abridged version of 
the sections specific to this chapter. 
9.2.1 Participants 
Thirty-two female netball players (age = 23.2 ± 3.2 years; height = 171.3 ± 7.8 
cm; mass = 68.0 ± 8.2 kg; netball experience = 12.45 ± 4.54 years) volunteered 
and provided written consent to participate in this study. All participants met 
the inclusion/exclusion criteria detailed in Section 3.2 of Chapter Three. 
9.2.2 Experimental Procedures 
Data from the single-leg squat and netball-specific landing task (i.e. the leap 
landing), as described in Sections 3.3.1 and 3.3.4, respectively, performed 
during testing session one (i.e. baseline) were used within this study. The 
order of these tasks were randomised within the testing session across 
participants. Participants performed one successful trial of the single 
repetition single-leg squat task (see Figure 9.1, Page 296). Only one trial was 
used for analysis as it was thought this would replicate the use of the single-
leg squat within a field-based screening context. The trial was performed on 
the same limb that was used for the leap landing task. Participants performed 
20 successful trials of the leap landing on a predetermined ‘landing limb.’  The 
landing limb was determined by asking participants which limb they would 
be more comfortable landing on when catching a pass during a game. Further 
to this, players were given an opportunity to trial landing on each limb to 
identify which they were more comfortable landing on. Each landing trial was 
initiated by breaking and accelerating from a static defender (model skeleton) 
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from a position six-metres from the landing area, followed by a run-up and 
leap landing whilst catching a pass (see Figure 9.2). Trials were repeated until 
the 20 successful trials were recorded. Participants were allocated 60-90 
seconds rest between trials in an effort to minimise 
fatigue.[134, 255] Kinematic and kinetic data collected from the participants 
‘landing limb’ during the single-leg squat task and all landing trials were used 
within this study.  
 
Figure 9.1 Sagittal view of the single-leg squat task. 
 
 
Figure 9.2 Sagittal view of the leap landing task. 
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9.2.3 Data Collection and Analysis 
Kinematic and kinetic data from the single-leg squat and leap landing tasks 
were collected and analysed as per the procedures outlined in Section 3.4.2 of 
Chapter Three. Briefly, three-dimensional (3D) kinematics and kinetics of the 
lower limb were computed using an established musculoskeletal model.[305, 310] 
An eight camera 3D motion capture system (Vicon, Oxford Metrics Limited, 
Oxford, United Kingdom) sampling at 250 Hz, synchronised with a 600 x 900 
mm in ground force plate (Advanced Medical Technology Incorporated, 
Watertown, MA, United States) sampling at 1000 Hz collected marker 
trajectory and ground reaction force (GRF) data. Marker trajectory and GRF 
data from the single-leg squat and leap landing tasks were low-pass filtered 
using a cubic smoothing spline with cut-off frequencies of 9 and 12 Hz, 
respectively. As this study aimed to identify biomechanical patterns from the 
single-leg squat task that were relevant for use within a netball-specific field-
based screening method for ACL injury risk, only biomechanical patterns that 
could be visually observed in this task were deemed applicable. Hence, only 
kinematic data were extracted and examined from the single-leg squat task. 
Three-dimensional hip, knee and ankle joint rotations were calculated for the 
single-leg squat task from filtered marker trajectory data using an X-Y-Z 
Cardan angles sequence; with the X, Y and Z axes representing joint rotations 
in the sagittal, frontal and transverse planes, respectively.[138] Kinematic data 
were expressed relative to each participant’s stationary (neutral) trial.[56, 310, 311] 
Joint rotation data were extracted from the ‘squatting phase’ of the task. The 
points where the musculoskeletal models centre of mass began descending 
and returned to its original position defined the start and end points of the 
‘squatting phase.’ These points tended to correspond with the initiation and 
completion of hip and/or knee flexion, hence they were deemed as applicable 
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points for defining the squatting movement. Extracted data from the single-
leg squat task were time-normalised to 101 data points (i.e. 0-100% of the 
squatting phase). Three-dimensional hip and knee joint rotations were 
calculated for the leap landing task as per the methods outlined above. In 
addition, three-dimensional hip and knee external joint moments from the 
leap landing task were calculated by submitting the filtered marker trajectory 
and GRF data to a conventional inverse dynamics analysis.[261] Joint moments 
were expressed in the reference frames of the joint coordinate systems and 
were normalised by dividing the total joint moment (Nm) by the product of 
the participant’s weight and height (kgm). Joint rotation and moment data 
were extracted from the instance of initial contact (IC) to 150 ms post IC across 
all landing trials. This time window was chosen for biomechanical variables 
as ACL injuries are thought to occur within the early deceleration phase of 
landing.[161] 
Both one-dimensional statistical parametric mapping (SPM1D) and principal 
component analysis (PCA) have been used within previous studies of this 
thesis to examine joint rotation and moment data. The purpose of this study 
was to examine the relationship between lower limb biomechanical patterns 
from the single-leg squat and leap landing task. As PCA takes into account 
features that occur over specific phases of the waveform, it was deemed as the 
more appropriate choice for identifying and correlating patterns across the 
two tasks. Data were exported to MATLAB (The Mathworks Incorporated, 
Natick, MA, United States) for further analyses. Kinematic waveform data 
extracted from the single-leg squat task were submitted to PCA to identify 
lower limb biomechanical patterns during squatting performance. Patterns 
were extracted for hip flexion/extension (HFLEX/EXT), adduction/abduction 
(HADD/ABD), and internal/external rotation (HIR/ER); knee extension/flexion 
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(KEXT/FLEX), adduction/abduction (KADD/ABD), and internal/external rotation 
(KIR/ER); and ankle dorsiflexion/plantarflexion (ADF/PF), inversion/eversion 
(AINV/EVE), and internal/external rotation (AIR/ER) joint rotations. The n number 
of principal patterns (PP) that summed to explain at least 90% of the variation 
in the waveform were retained and referred to as PP1, PP2, …, PPn.[276, 327] The 
90% criterion was chosen as this value has been previously used when 
examining lower limb biomechanical waveforms.[326, 335] Principal pattern 
scores (PP-Scores) were then computed for each biomechanical pattern across 
each joint rotation variable. Principal pattern interpretation was achieved by 
examining the waveforms obtained by adding and subtracting a suitable 
multiple of the patterns loading vector to the mean of the relevant 
waveform.[333] An identical process was then followed to identify the principal 
hip and knee biomechanical patterns from the leap landing task, where PCA 
was applied to the extracted kinematic and kinetic data. 
9.2.4 Statistical Analysis 
Pearson’s correlation coefficients (r) were calculated between the PP-Scores 
from the single-leg squat and leap landing to identify relationships between 
the two tasks. As a number of associations were tested, a stricter alpha level of 
0.01 was set for identifying statistically significant correlations.[89] The strength 
of correlations was guided by Cohen[384] (weak r = 0.1; moderate r = 0.3; strong 
r = 0.5). PP-Scores that were statistically significant (p < 0.01) and strongly 
correlated (r > 0.50) were considered indicative of a relationship between the 
two tasks.  
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9.3 Results 
Principal patterns were extracted for single-leg squat joint rotations, and leap 
landing joint rotations and moments via PCA (see Table 9.1, Page 302; Table 
9.2, Page 303; and Table 9.3, Page 304, respectively). A graphical display of the 
patterns associated with high and low PP-scores for each PP from the single-
leg squat and leap landing tasks are provided in Appendix J (see Page 419) 
and Appendix K (see Page 432), respectively. The Pearson’s correlation values 
(r) between the kinematic principal patterns from the single-leg squat, and the 
kinematic and kinetic principal patterns, respectively, from the leap landing 
task are presented in Table 9.4 (see Page 305) and Table 9.5 (see Page 306). For 
ease of interpretation, the strong statistically significant (i.e. r > 0.50; p < 0.01) 
correlations are highlighted. 
Hip internal rotation during the squat was associated with greater overall hip 
internal rotation during landing, while hip external rotation during the squat 
was associated with greater overall hip external rotation during landing. The 
overall magnitude of knee flexion was related across the two tasks, whereby 
greater knee flexion during the squat was associated with greater knee flexion 
during landing. The timing of peak knee flexion during the squat was 
associated with prolonged hip flexion and the magnitude of transverse plane 
hip motion during landing. Earlier onset of peak knee flexion during the squat 
was related to a shortened duration of hip flexion and greater overall hip 
external rotation during landing. In contrast, delayed peak knee flexion during 
the squat was related to prolonged hip flexion and greater overall hip internal 
rotation. Knee abduction during the squat was associated with greater overall 
knee abduction and reduced knee external rotation from IC to 30 ms post IC 
during landing; while knee adduction during the squat was associated with 
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reduced knee abduction but greater knee adduction and greater knee internal 
rotation from IC to 30 ms post IC. Knee internal rotation during the squat was 
associated with greater overall knee internal rotation and greater knee 
adduction moments during landing. Further, greater transverse plane knee 
motion during the squat was associated with reduced knee external rotation 
from IC to approximately 30 ms post IC, reduced hip abduction moments from 
IC to approximately 30 ms post IC, and a delayed and reduced peak knee 
abduction moment during landing. Greater overall ankle dorsiflexion during 
the squat was associated with greater overall knee flexion during landing; 
while reduced ankle dorsiflexion range of motion and delayed time to peak 
ankle dorsiflexion during the squat was associated with prolonged hip flexion 
and greater overall hip internal rotation during landing. Reduced ankle 
eversion during the squat was associated with greater overall knee abduction, 
greater overall knee internal rotation, and reduced knee adduction moments 
during landing. In contrast, greater overall ankle eversion during the squat 
was associated with reduced and greater overall knee adduction, respectively, 
reduced overall knee internal rotation, and greater knee adduction moments 
during landing. 
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9.4 Discussion 
Identifying athletic tasks that are linked to sporting manoeuvres associated 
with ACL injuries may reveal more optimal movements for ACL injury risk 
screening within sport-specific contexts. The purpose of this study was to 
determine the relationship between the performance of a single-leg squat and 
a netball-specific leap landing task, in order to examine the utility of including 
a single-leg squat movement within netball-specific ACL injury risk screening 
protocols. A number of associations were found between biomechanical 
patterns from the single-leg squat and leap landing task. Biomechanical 
patterns from the single-leg squat were linked to a number of biomechanical 
factors that have been proposed to increase ACL loads or injury risk during 
landing movements. These findings suggest that a single-leg squat may be a 
useful screening movement for identifying athletes’ who utilise movement 
strategies associated with ACL loading or injury risk during high-risk netball-
specific landing manoeuvres. 
The strongest associations between the single-leg squat and leap landing tasks 
were evident in matching joint rotation patterns, particularly at the knee. 
Participants who performed the single-leg squat with greater hip internal 
rotation, knee flexion, knee abduction and knee internal rotation exhibited 
these same biomechanical characteristics during the leap landing task. These 
findings are similar to previous studies that have found a relationship between 
single-leg squat and landing or cutting tasks, where similar biomechanical 
characteristics were shared across the two movements.[439, 440] A limitation of 
these previous studies is that they have only examined relationships between 
corresponding biomechanical variables within the same joints and planes of 
movement across the two tasks. In addition to examining associations between 
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corresponding biomechanical patterns, the present study identified further 
relationships outside of the corresponding joint and/or movement plane. For 
example, sagittal plane biomechanical patterns at the hip and ankle during the 
single-leg squat were related to the magnitude of knee flexion during the leap 
landing task. Further, sagittal plane movement strategies at the knee during 
the single-leg squat were associated with sagittal plane hip motion during the 
leap landing task. These results, combined with the direct relationship 
between the magnitude of knee flexion between the two tasks, suggests the 
overall sagittal plane movement strategies of the lower limb between the 
single-leg squat and leap landing task are closely related. Cross-planar 
relationships were also apparent between the two tasks, whereby frontal and 
transverse plane knee motion during the single-leg squat was related to 
transverse and frontal plane knee biomechanics, respectively, during the leap 
landing task. Similarly, the magnitude of frontal plane ankle motion during 
the single-leg squat was related to frontal and transverse plane biomechanical 
patterns at the knee during the leap landing task.  
The large number of associations observed between the two tasks likely stems 
from the similarities in lower limb positioning. The hip and knee motion 
experienced during the initial deceleration phase of netball leap landings, 
where unilateral weight acceptance is required, closely resemble the lower 
limb positioning experienced during the descent phase of a single-leg squat. 
Due to the similarities between the tasks, biomechanical deficits that have the 
potential to increase ACL injury risk could manifest across both movements. 
Biomechanical patterns from the single-leg squat task were associated with a 
number of factors linked to increased ACL loading and injury risk during the 
leap landing task. ‘Dynamic valgus’ during landing has been identified as a 
significant predictor of ACL injuries in female athletes,[160] and a valgus 
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collapse is often seen when ACL injuries occur.[97-99] Internal rotation at the hip, 
combined with knee abduction and knee internal rotation is thought to 
contribute to a ‘dynamic valgus’ position.[160, 162] Considering these 
biomechanical patterns were directly related between the two tasks examined, 
an individual displaying a ‘dynamic valgus’ position during the single-leg 
squat may also do so during leap landing performances. Reduced knee flexion 
has been linked to increases in ACL loads[20, 24, 25] and is also frequently 
observed during ACL injuries.[97, 99] Earlier peak hip flexion, and reduced 
overall knee flexion and ankle dorsiflexion during the single-leg squat were 
all associated with reduced knee flexion during the leap landing task. The 
presence of this sagittal plane movement strategy during a single-leg squat 
may therefore be a useful indicator of individuals’ who perform leap landings 
with reduced knee flexion. The peak knee abduction moment experienced 
during athletic tasks is often acknowledged as a primary risk factor for ACL 
injury due to larger peak moments being linked prospectively to future ACL 
injuries[160] and higher ACL loads.[20-23, 28] Greater ankle eversion during the 
single-leg squat tended to be associated with earlier and larger peak knee 
abduction moments during landing, thus the degree of frontal plane ankle 
motion during a single-leg squat may be a useful indicator of ACL injury risk 
during leap landing performances. 
The single-leg squat appears to be an appropriate movement screen for ACL 
injury risk in the netball-specific context examined. Hip internal rotation; knee 
flexion, abduction and internal rotation; and ankle eversion during the single-
leg squat were all linked to biomechanical factors associated with ACL loading 
or injury risk during the leap landing task. The development of visual rating 
criteria that accurately assess or identify these biomechanical patterns during 
a single-leg squat may provide a simplistic method for identifying athletes 
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who employ high-risk movement strategies during leap landing 
performances. These criteria could subsequently be used within a movement 
screening protocol to identify netball players at potentially greater risk of ACL 
injury. 
Although a number of associations between single-leg squat and leap landing 
performance were identified, these were obtained using laboratory-based 
techniques (i.e. motion capture). Three-dimensional measures were used in 
the identification of lower limb biomechanical patterns during the single-leg 
squat, and as mentioned throughout this thesis, these methods are not 
applicable to the majority of the wider community. Field-based injury risk 
screening methods must function without the need for these laboratory-based 
techniques. Visual rating using video-based or live observational methods are 
commonly used within field-based movement assessments,[85, 86, 91, 410] as the 
equipment (or lack thereof) required for these methods is minimal and often 
readily available. Visual rating of single-leg squat performance must be 
reliable and comparative to three-dimensional measures to ensure it is 
appropriate for use within a netball-specific field-based ACL injury risk 
screening method. Studies investigating visual rating of single-leg squat 
performance have found encouraging results for reliability across a range of 
different grading criteria.[422, 423, 434, 437] High levels of intra- and inter-rater 
agreement have been reported for ratings of medio-lateral knee motion (i.e. 
knee position medial to the toe),[422, 423, 437] frontal plane knee angle and 
alignment,[400, 423, 436] and general overall movement quality[434, 437] during single-
leg squat performance. It appears that single-leg squat performance can be 
reliably assessed from visual observation, which provides promise for its 
incorporation within field-based ACL injury risk screening protocols. 
However, it is also important that ratings obtained from visual observation are 
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valid against laboratory-based measures to ensure they are accurate in 
measuring the construct of interest. 
The majority of studies validating visual rating criteria against three-
dimensional measures during single-leg squat performance have focused on 
frontal and transverse plane motion,[422, 423, 435, 442] with mixed findings across the 
literature. Ageberg et al.[422] investigated the validity of observational rating of 
medio-lateral knee motion during single-leg squat performance. Raters 
graded whether or not participants displayed a knee position medial to their 
toe during the single-leg squat. When compared against three-dimensional 
measures, the hip was more internally rotated in those with a knee position 
medial to the foot compared to those with a knee-over-foot position.[422] 
However, no differences in three-dimensional knee abduction/adduction 
angles were identified between the knee-medial-to-foot and knee-over-toe 
groups.[422] Similarly, Whatman et al.[423] found a knee position medial to the 
toe as deemed by video observation was indicative of greater hip adduction 
and internal rotation, but not knee abduction when compared to three-
dimensional measures. In contrast, Mauntel et al.[442] found participants who 
displayed a knee position medial to the toe determined from visual 
observation during a single-leg squat demonstrated greater three-dimensional 
knee abduction, with no differences in hip adduction or internal rotation. 
Similar definitions for medial knee motion were used across these studies, 
however different protocols relating to the single-leg squat task were 
apparent. Differences in the control of squat depth and pace, and the number 
of consecutive squat repetitions were noted between studies.[422, 423, 442] Careful 
consideration surrounding the single-leg squat movement protocols may be 
required if using visually observed medial knee motion as an indication of 
three-dimensional hip and knee motion in the frontal and transverse planes. 
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The frontal plane projection angle (FPPA) at the knee (i.e. the angle formed at 
the intersection of the thigh and shank segments)[443] has also been investigated 
in visual rating of single-leg squat performance.[400, 435, 436] Willson and Davis[435] 
found that the FPPA was associated with three-dimensional measures of hip 
adduction, hip internal rotation and knee external rotation, but not frontal 
plane knee angle during single-leg squat performance. Inconsistencies exist 
across the literature with regard to the validity of visual ratings of single-leg 
squat performance comparative to three-dimensional measures. Movement 
screening protocols that incorporate visual assessment of a single-leg squat 
must therefore carefully develop and validate the criteria used to grade 
performance. 
The use of only one successful single-leg squat trial for analysis in this study 
is an important factor to consider. Studies examining the validity of single-leg 
squat movements for screening purposes have often used multiple squat 
repetitions or movement trials for performance measures.[422, 434, 435] The 
purpose of this study was to investigate the potential of the single-leg squat to 
be incorporated into field-based ACL injury risk screening protocols. Hence, 
it was deemed important that the screening movement be simple and involve 
minimal time to complete. A single repetition of the single-leg squat met these 
criteria and was subsequently used. It is possible that an individual’s single-
leg squat performance would vary over multiple repetitions or trials, hence 
these additions may have captured further information regarding their 
performance of the task. However, the numerous strong associations observed 
in this study suggests a single repetition of the single-leg squat may provide 
sufficient information on an individual’s ability to control the lower limb 
during a high-risk netball-specific landing task. Further work investigating the 
relationship between simplistic movements and high-risk sporting tasks may 
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wish to include additional trials of the movement screening task. The added 
time costs surrounding collection and analysis of these extra trials within 
screening protocols must, however, also be considered. 
9.5 Conclusions 
This study found numerous strong associations for lower limb biomechanical 
patterns between a single-leg squat and netball-specific leap landing task. 
Lower limb motion during the single-leg squat was linked to a number of 
biomechanical factors that have been proposed to increase ACL loads or injury 
risk during landing movements. Specifically, hip internal rotation; knee 
flexion, abduction and internal rotation; and ankle eversion during the single-
leg squat were linked to high-risk movement strategies during the leap 
landing task. This study has provided the first step in the development of a 
netball-specific ACL injury risk screening method incorporating a single-leg 
squat, by establishing the key biomechanical patterns that should be observed 
and rated due to their links to a high-risk landing task within the sport. 
Validation of a set of visual rating criterion relating to the key biomechanical 
patterns from the single-leg squat identified in this study will ensure they are 
related to the three-dimensional measures they are targeting. These rating 
criterion may then be evaluated against three-dimensional measures from the 
leap landing task to ensure visual observation of the single-leg squat 
movement is also related to leap landing performance. Further work linking 
single-leg squat movement strategies to ACL injury occurrences may also 
provide insight on the ability of a single-leg squat movement screen to 
prospectively identify athletes’ at-risk of ACL injury. 
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Chapter Ten: General Discussion 
 
10.1 Summary 
This thesis aimed to explore three inter-related areas relating to anterior 
cruciate ligament (ACL) injury prevention. The concepts of neuromuscular 
anomalies and muscle activation profiles during the performance of a high-
risk landing task were investigated. In addition, the effect of an ACL injury 
prevention program on individual neuromuscular and biomechanical 
responses was explored. Lastly, examination of existing field-based ACL 
injury risk screening methods and a proposed sport-specific screening 
movement was undertaken to determine their applicability for use in wider 
community and sport-specific settings. The experimental and review studies 
undertaken have produced several key and novel findings that can contribute 
to ACL injury prevention practices. 
Study one (Chapter Four) examined the concept of intra-individual anomalies 
in muscle activation profiles during a high-risk sporting task. Anomalies in 
muscle activation profiles were found to occur during repeat performances of 
the high-risk landing task examined. However, in contrast to the hypothesis, 
these neuromuscular anomalies did not induce changes to lower limb 
biomechanics consistent with increased ACL loads or injury risk. While the 
results of this study support the theory that consistent task performance can 
be achieved with anomalies in muscle activation profiles, it may be unwise to 
dismiss the potential role of neuromuscular anomalies in ACL injuries. 
Investigating the differential effects of specific neuromuscular anomalies may 
elicit further understanding regarding their influence on ACL injury risk.  
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Findings from study one also demonstrated that some individuals utilised 
multiple typical or ‘normal’ muscle activation profiles during the high-risk 
landing task. Subsequently, study two (Chapter Five) explored this concept 
and found participants’ utilised different muscle activation profiles across 
repeat performance of the high-risk landing task. While these different profiles 
were identified, individuals tended to persevere with a preferred profile 
throughout the majority of landing trials. This study failed to identify ‘safe’ or 
‘high-risk’ muscle activation profiles. Rather, specific muscle activation 
characteristics or combinations of activation characteristics within profiles 
were linked to the presence of biomechanical deficits associated with ACL 
injury risk. Tailored injury prevention programs targeting these specific 
muscle activation characteristics may induce more beneficial neuromuscular 
adaptations for reducing ACL injury risk. 
Study three (Chapter Six) examined the effects of an ACL injury prevention 
program at the group and individual level. The injury prevention program 
induced neuromuscular and biomechanical adaptations at the group level. 
However, examination of individual data revealed dissimilar responses to the 
training program within the training group. Individuals who display a pre-
existing high-risk neuromuscular or biomechanical strategy may receive 
greater benefits from the ACL injury prevention program only if the program 
targets the relevant high-risk strategy. Injury prevention programs targeting 
the specific neuromuscular or biomechanical deficits of the individual may 
therefore be optimal for reducing ACL injury risk. 
Study four (Chapter Seven) provided an extensive review of current field-
based screening methods for ACL injury risk and evaluated their applicability 
for use in wider community settings. There was limited evidence supporting 
the predictive validity of field-based screening methods for identifying future 
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ACL injuries. Furthermore, the capacity of screening methods to identify 
athletes at-risk of ACL injury may vary across different sports or sporting 
populations. Differences between screening methods surrounding the 
equipment required, time taken to screen athletes, and applicability across 
varying sports and athletes were identified. It was concluded that these are 
important factors in determining the most appropriate screening method to 
use in various situations. The Landing Error Scoring System and Tuck Jump 
Assessment were deemed as two field-based screening methods that were 
applicable for use in wider community settings, and were subsequently 
examined in the following study. 
Study five (Chapter Eight) examined the efficacy of the Landing Error Scoring 
System (LESS) and Tuck Jump Assessment screening methods in identifying 
lower limb biomechanics consistent with increased ACL loading or injury risk 
during a high-risk sport-specific task, namely, a netball leap landing. Minimal 
relationships between lower limb biomechanics during the leap landing and 
scores received from the LESS and Tuck Jump Assessment were identified. It 
was concluded that the LESS and Tuck Jump Assessment are unlikely to be 
effective in identifying ACL injury risk in the netball-specific context 
examined. It was proposed the bilateral nature of the movements used within 
these screening methods were a contributing factor to these results. Due to 
this, the final study of this thesis explored the potential for including a 
unilateral movement within netball-specific ACL injury risk screening 
protocols. 
Study six (Chapter Nine) investigated the relationships between performance 
of a single-leg squat and a netball-specific leap landing task that has been 
associated with ACL injuries. Lower limb motion during the single-leg squat 
was linked to a number of biomechanical factors that have been proposed to 
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increase ACL loads or injury risk during landing movements. These findings 
highlighted the potential of a single-leg squat movement to be incorporated 
within netball-specific ACL injury risk screening protocols. 
When considering these findings collectively, there are several overarching 
topics that warrant further discussion. These will be highlighted, along with 
recommendations for future research, in the following sections. 
10.2 Neuromuscular Contributions to ACL Injury Risk 
Many studies have attempted to link neuromuscular contributions to lower 
limb biomechanics associated with ACL loading and injury 
risk.[44, 56, 131, 134, 171, 174-181] Despite the variable nature of neuromuscular control 
during biomechanical tasks,[48-50, 254] there has been very little focus on the 
impact of trial-to-trial differences in muscle activation characteristics on ACL 
injury risk. The findings of this thesis further the notion that neuromuscular 
control can vary from one performance to the next. Anomalies in 
neuromuscular control were found across repeat trials of the high-risk landing 
task examined, while the use of different muscle activation profiles across 
trials was also identified. Future work examining neuromuscular 
contributions to ACL injury risk may benefit from a greater focus on these 
specific trial-to-trial differences. The ‘one-off’ nature with which ACL injuries 
occur suggests a random neuromuscular dysfunction may play a role in these 
injury occurrences. To truly understand these injuries, we need to identify the 
underlying causes that lead to these isolated events. Further examination of 
changes in neuromuscular control from a trial-to-trial basis, and linking these 
with lower limb postures associated with increased ACL loads and injury risk 
may assist in achieving this. Musculoskeletal modelling and computer 
simulation methods are a viable approach for further examination of 
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neuromuscular contributions to ACL injury risk. These methods have been 
used to identify how alterations in muscle activation and forces can impact 
human movement,[379-381] calculate ACL loads during high-risk sporting 
tasks,[419, 444] and identify potential mechanisms of ligament rupture via injury 
simulations.[176, 309] Together, these methods may be used to investigate how 
specific alterations in neuromuscular control contribute to ACL loading and 
potentially cause ACL injury. 
10.3 ACL Injury Prevention Programs 
When combined with previous work, a number of findings across this thesis 
further the argument that a generic universal approach to ACL injury 
prevention may not be optimal. The level of adoption and compliance of 
current ACL injury prevention programs is low[227, 228] and their deployment in 
“real-world” situations may not be effective.[223, 229-231] Further to these practical 
issues, generic ACL injury prevention programs may not be the most effective 
approach in providing a benefit to all involved.  
This thesis found that a number of different muscle activation profiles can be 
utilised by individuals during performance of a high-risk sporting task. While 
certain individuals showed a tendency to vary the activation profile 
employed, the majority tended to persevere with a preferred profile 
throughout repeat landing trials. Specific muscle activation characteristics 
within each of these profiles were linked to biomechanical deficits associated 
with ACL loading and injury risk. Therefore, a reduction in ACL injury risk 
may be achieved with injury prevention programs that target these potentially 
high-risk activation characteristics. Injury prevention programs tailored to the 
relevant high-risk muscle activation characteristics of the individual’s 
preferred profile may be optimal for inducing beneficial neuromuscular 
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adaptations and reducing ACL injury risk. In addition, these results support 
the notion of previous studies[71, 82, 83] that variable individual responses to ACL 
injury prevention programs are to be expected. Within this thesis, inconsistent 
neuromuscular and biomechanical adaptations to the training program were 
apparent across individuals. However, those who exhibited a pre-existing 
high-risk movement strategy (i.e. large peak knee abduction moments) 
received the largest benefits in reducing frontal plane knee moments during 
landing. It was proposed that this stemmed from the injury prevention 
program specifically targeting movement strategies associated with the pre-
existing risk pattern of large peak knee abduction moments. This provides 
further evidence that tailored injury prevention programs targeting the high-
risk neuromuscular or biomechanical strategies of the individual may be the 
most effective in reducing ACL injury risk.  
While evidence points towards more beneficial outcomes with tailored ACL 
injury prevention programs, the cost-effectiveness of this approach must be 
considered. Highly individualised ACL injury prevention programs are 
unlikely to be feasible from an implementation and economical perspective, 
particularly within wider community settings where time and staff resources 
may be limited. A sub-group approach to tailoring injury prevention 
programs, whereby the training targets the high-risk characteristics relevant 
to the individuals within the sub-group, has been suggested as a more effective 
and efficient option over generic approaches.[358] Studies directly comparing 
generic versus tailored injury prevention programs may determine whether 
or not this approach is a better option. Furthermore; while multiple 
studies[71, 82, 83] have shown that individual responses to injury prevention 
programs differ, there is little understanding as to why this is the case. The 
presence of a pre-existing high-risk neuromuscular or biomechanical strategy 
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may have a modulating effect on the response, whereby greater benefits are 
received in the area these high-risk strategies exist.[71, 83, 84] Apart from this, 
there is a limited understanding of what dictates the adaptations an individual 
will exhibit following participation in an ACL injury prevention program. 
There is large scope for future research investigating potential factors that 
contribute to this phenomenon. Future work in these areas will aid in 
improving the design of ACL injury prevention programs that provide a 
benefit for all involved. 
10.4 Field-Based Screening Methods for ACL Injury Risk 
The results of this thesis emphasise the need for sport-specific ACL injury risk 
screening methods. A key finding of the systematic review of field-based ACL 
injury risk screening methods was their limited predictive validity in 
identifying ACL injuries. While certain work has shown field-based screening 
methods can identify athletes at-risk of future ACL injury, this appears to vary 
across different sports or sporting populations.[104, 105] Furthermore; the two 
field-based screening methods examined in this thesis, the Landing Error 
Scoring System (LESS) and Tuck Jump Assessment, were unable to identify 
high-risk movement strategies during a sport-specific task associated with 
ACL injuries. It is important to note that only one sport-specific task, a netball 
leap landing, was examined. The LESS and Tuck Jump Assessment screening 
methods should not be disregarded based on these findings. While they 
appear ineffective in the netball-specific context examined, these methods may 
be applicable to other sports or sporting populations. Future studies 
examining the capacity of field-based screening methods in identifying high-
risk movement strategies across a range of high-risk sport-specific tasks may 
aid in determining the optimal method(s) across different sports or sporting 
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populations. The associations between the single-leg squat and netball leap 
landing tasks found within this thesis also suggest the investigation and 
development of sport-specific ACL injury risk screening methods is justified. 
The generic bilateral movements used in current field-based ACL injury risk 
screening methods[85, 87, 90, 91] have minimal relationships to lower limb 
biomechanics experienced during sport-specific manoeuvres associated with 
ACL injury.[95, 96] Simplistic movements that can be easily observed and reflect 
the lower limb postures experienced during high-risk sport-specific tasks may 
be the most viable options for investigation and inclusion with field-based 
screening methods for ACL injury risk. Identifying movements that better 
replicate sport-specific movements associated with ACL injuries may further 
aid in the development of appropriate ACL injury risk screening methods. 
10.5 Limitations 
There are a number of limitations to this thesis that must be acknowledged 
and considered when interpreting the findings. The cross-sectional nature of 
studies may have been a limitation in identifying neuromuscular or 
biomechanical factors that contributed to ACL injury risk. Prospective studies 
provide the strongest evidence in detecting neuromuscular or biomechanical 
factors that contribute to ACL injury risk[160, 177] or evaluating the capacity of 
screening methods in identifying athletes at-risk of ACL injury.[104, 105, 412] 
However, prospective studies investigating ACL injury risk require a large 
cohort to achieve meaningful outcomes. The capacity to recruit such a cohort 
was deemed to be outside the scope of this thesis. Prospective studies 
investigating ACL injury risk often recruit upwards of 200 participants in 
order to attain meaningful results.[105, 160, 412] Due to the limited participant pool 
in the population examined (i.e. local community netball), these participant 
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numbers could not be achieved for these studies. Lower limb biomechanical 
factors that have been linked to ACL loading were used as a surrogate measure 
for identifying potential ACL injury risk across the studies in this thesis. While 
this approach is commonly used for investigating potential neuromuscular 
and biomechanical risk factors for ACL injury,[44, 56, 131, 134, 171, 174-181] it is important 
to acknowledge this as a limitation. Prospective longitudinal studies are 
needed to confirm current findings and further understand the underlying 
neuromuscular and biomechanical risk factors for ACL injury. Multicentre 
investigations may improve the feasibility of these studies by providing access 
to larger participant cohorts, leading to more robust findings.[445] 
Neuromuscular and biomechanical data from the trunk were not collected as 
part of the studies in this thesis. ACL injuries often occur with a lateral and 
extended trunk position,[159, 377] and trunk rotation and lateral flexion have been 
shown to influence frontal and transverse plane knee moments during landing 
and cutting tasks.[166, 167, 255, 372] These recent findings have confirmed that trunk 
control plays an important role in ACL injury risk. Despite this, studies 
investigating the biomechanics of netball leap landings with regard to ACL 
injury risk have not included a focus on the trunk.[245, 248, 253] The leap landing 
task performed within the studies in this thesis involved a straight running 
approach with a pass received directly out in front of the body. Hence, it was 
thought that minimal frontal and/or transverse plane motion of the trunk 
would occur during landing performances and the inclusion of trunk-related 
factors would not substantially improve the outcomes associated with this 
research. Nonetheless, the inclusion of trunk-related factors could have 
strengthened certain findings within this thesis. For example, activation 
characteristics of trunk muscles may be an important aspect of the overall 
muscle activation profile that contributes to ACL injury risk. In addition, the 
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efficacy of the screening methods examined in this thesis may have improved 
with the inclusion of trunk biomechanics from the leap landing task. The LESS 
includes criteria related to trunk motion during landing,[91] while certain 
criteria within the Tuck Jump Assessment are purportedly linked to a ‘trunk-
dominant’ movement strategy proposed to increase ACL injury risk.[413] As 
these methods consider trunk-related factors in their evaluation of ACL injury 
risk, they could have an association to three-dimensional measures of trunk 
biomechanics during high-risk landing tasks. Further relationships between 
the single-leg squat and netball leap landing tasks may have also been 
identified with the inclusion of trunk biomechanics from the single-leg squat. 
If this were the case, trunk movement may be an additional component to 
consider when evaluating single-leg squat performance in the context of a 
netball-specific ACL injury risk screening method. Future investigations 
pertaining to ACL injury risk or prevention should consider inclusion of 
neuromuscular control and biomechanics of the trunk in addition to the lower 
limb. This is particularly important for tasks where frontal and transverse 
plane trunk movements are more prominent, such as side-step cutting or 
overhead catch-and-land tasks,[166, 255, 372, 446] and may subsequently impact 
loading at the knee. 
It is also important to acknowledge that this study focused on one population 
(i.e. female netball athletes) and sport-specific manoeuvre associated with 
ACL injuries (i.e. a netball leap landing). The findings from this thesis, 
therefore, are most applicable to ACL injury risk and prevention in the netball-
specific context examined. Applying similar methods to those used in this 
thesis to additional high-risk populations or sporting tasks may further our 
understanding of ACL injury risk and prevention across a range of settings. 
Examining whether neuromuscular anomalies and multiple muscle activation 
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profiles occur in different populations and sporting tasks, and if so, how they 
influence lower limb biomechanics may yield greater knowledge surrounding 
neuromuscular contributions to ACL injury risk. It may be the case that 
different neuromuscular risk factors present across different high-risk 
populations or sporting tasks. If so, ACL injury prevention programs specific 
to these settings may be required to effectively target neuromuscular control 
and reduce ACL injury risk. Examining the efficacy of ACL injury risk 
screening methods in different sports or sporting populations would also aid 
in identifying the most applicable method(s) across these variable settings. 
10.6 Conclusions 
The findings of this thesis highlight the need for tailored ACL injury 
prevention programs targeting neuromuscular and biomechanical deficits that 
are relevant to the individual. It is apparent that the neuromuscular system 
employs multiple muscle activation profiles to perform the same landing task, 
and the neuromuscular and biomechanical adaptations to an ACL injury 
prevention program vary across individuals. Importantly, it appears that 
high-risk movement strategies can be targeted with appropriately designed 
ACL injury prevention programs. 
Identifying screening methods that are capable of detecting those at-risk of 
injury during sporting tasks known to cause ACL injuries is a vital step in 
improving the design of targeted ACL injury prevention programs. The single-
leg squat was identified as a potentially useful movement to be incorporated 
within netball-specific ACL injury risk screening protocols. The single-leg 
squat appears to be more effective in identifying high-risk lower limb 
biomechanics during a netball-specific landing task than existing ACL injury 
risk screening methods. Further examination of simplistic unilateral 
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movements against other sport-specific tasks associated with ACL injury may 
aid in ascertaining the optimal method(s) for ACL injury risk screening across 
different sports or sporting populations. 
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Appendix B Plain Language Statement and Consent 
PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
To: Female netball players (aged 18 and above) 
 
Plain Language Statement  
Date:  
Full Project Title: Neuromechanical control of the lower limb: Implications for ACL 
injury risk and prevention 
Principal Researcher: Dr. Natalie Saunders 
Associate Researcher(s): Mr. Aaron Fox, Dr. Jason Bonacci, Dr. Scott McLean, Assoc. 
Prof. Michael Spittle 
 
 
Thank you for taking the time to read this Information Statement. 
 
This Participant Information Statement contains detailed information about the 
research project.  Its purpose is to explain to you as clearly as possible all the 
procedures involved in the project before you decide whether or not to take part in 
it.  
 
Please read this information carefully. Feel free to ask questions about anything in 
the document, and discuss the project with relatives or friends. 
 
Once you understand what is involved in the project and if you agree to take part in 
it, you will be asked to sign the Consent Form.  By signing the Consent Form, you 
indicate that you understand the information and that you give your consent to 
participate in the project. 
 
You will be given a copy of the Participant Information Sheet and Consent Form to 
keep as a record. 
 
Participation in this study is voluntary. If you do not wish to take part you are not 
obliged to. If you decide to take part and later change your mind, you are free to 
withdraw from the project at any stage. Your decision whether or not to participate 
will not affect your relationship with Deakin University.     
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1. What is the reason for this project? 
 
The anterior cruciate ligament (ACL) is one of the major stabilising ligaments of the 
knee. Sports-related ACL injuries are a traumatic experience and often occur in the 
absence of contact with another player (i.e. noncontact). Sports that require 
frequent changes of direction, landing from jumps and/or rapid deceleration (such 
as netball) often incur the greatest incidence of noncontact ACL injuries. While this 
type of injury is not exclusive to a specific population, females incur a higher rate of 
injury in comparison to male counterparts. Despite extensive attempts, the 
mechanisms responsible for ACL injury remain elusive. Recently, research has begun 
to focus on how the muscles of the lower limb control the knee during sporting 
tasks, and whether dysfunctional patterns of muscle activation may influence ACL 
injury risk. Identifying these patterns that increase the risk of injury will aid in 
further explaining the mechanisms responsible for ACL injuries. 
 
An important aspect of injury prevention is the ability to identify athletes who are 
at-risk of future injury. With regard to ACL injuries, various clinical screening tools 
have been designed that attempt to identify those at-risk for future ACL injury. 
These screening tools are relatively new and further examination to confirm their 
accuracy and sensitivity for use in the wider community setting is required. In 
addition, injury intervention programs are also an essential aspect of injury 
prevention. It is possible that different individuals do not respond similarly to the 
same intervention program. Gaining a greater understanding of individual 
responses will aid in the design of targeted intervention programs that maximise 
the benefits for all athletes. 
 
2. What will I be asked to do? 
 
When you accept to participate in this study, you will be screened by one of the 
investigators to ensure that you meet all the criteria as a participant in this study. 
You will be invited to participate in this study if: 
x You are currently participating in competitive netball and complete at least 
one training session for this per week. 
x You are above 18 years of age. 
x You do not currently have an injury to either lower limb. 
x You have no previous history of a serious knee injury or lower limb surgery. 
x You are free from any neuromuscular or musculoskeletal disorders that 
affect the lower limb. 
Participation in this study will involve a familiarisation session and two laboratory 
testing sessions, and may require you to participate in a six-week injury intervention 
program (see below for details). 
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Location  
 
All testing sessions will be conducted at Deakin University (Waurn Ponds campus) 
Biomechanics Laboratory. 
 
Testing Sessions 
 
Participation will involve attending the Deakin University Biomechanics Laboratory 
at the Waurn Ponds campus on three separate occasions for one familiarisation and 
two testing sessions. At the familiarisation session, all tasks and analysis techniques 
being performed in the subsequent testing sessions will be described to you and 
you will also be given the opportunity to ask any questions of the researchers. 
Individual demographics (i.e. age, height, weight) will be collected at both testing 
sessions. The two testing sessions will be identical and involve the performance of a 
range of tasks, those being (1) a series of maximum effort voluntary muscle 
contractions of the leg against resistance; (2) multiple trials of a netball landing task; 
(3) two ACL clinical screening tools involving jump-landing tasks; and (4) three 
athletic performance measures (see below for details). All tasks will be observed by 
a trained researcher and recorded using digital video cameras. Prior to actual 
testing you will be given time to familiarise yourself with and practice the tasks 
required of you. If at any stage during laboratory testing you begin to feel 
uncomfortable or feel you may be developing an injury you should instruct the 
researcher and testing will stop. 
 
During the performance of all tasks during the laboratory testing sessions you will 
be monitored using kinematic and electromyography (EMG) analysis techniques. 
Thirty-four reflective markers will be attached to your lower limbs via tape and 
tracked using high speed cameras for kinematic analysis. EMG measures the level of 
activation of specific muscles via wireless surface electrodes placed on the lower 
limbs. Prior to the placement of the surface electrodes on the skin, each attachment 
site will be shaven to remove any hair, followed by gentle abrasion and sterilisation 
of the area with alcohol swabs. All preparation and analysis techniques are 
completely painless and non-invasive. 
The familiarisation sessions will last for approximately 30 minutes. You will attend 
and perform your two laboratory testing sessions at the same time as one of your 
team mates.  The laboratory testing sessions will run for approximately two to two-
and-a-half hours, with testing procedures/tasks interspersed over this time period. 
Maximal Effort Voluntary Muscle Contractions 
 
At each testing sessions, five separate maximal voluntary muscle contraction tasks 
will be performed. The maximal contractions will be performed against a resistance 
band, and each of the five contraction tasks will be repeated three times. The 
performance of these tasks requires you to apply maximal effort against the applied 
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resistance for a period of five seconds.  
 
Netball Landing Task 
 
The netball landing task you will be required to perform at both testing sessions is 
one you would commonly perform during netball matches. During laboratory 
testing you will perform ten ‘leap’ landing trials on each leg. The leap landing 
involves a run-up and single leg landing on the opposite foot used for take-off. You 
will be required to catch a chest height pass while performing the land. 
 
ACL Clinical Screening Tools 
 
Two clinical screening tools for ACL injury risk will be performed at each of the 
testing sessions, those being the Landing Error Scoring System (LESS) and Tuck Jump 
Assessment. 
 
The LESS involves the performance of a jump-landing task off a 30-cm high box. You 
will be required to perform a horizontal jump off the box to a distance 50% of your 
height and then immediately rebound off the ground performing a maximal vertical 
jump.  Six repetitions of this task will be undertaken during testing. 
 
The Tuck Jump Assessment involves the performance of repeated tuck jumps on a 
spot for a ten-second period. Tuck jumps involve pulling the knees up as high as 
possible during each jump. Two ten-second repetitions of this task will be 
undertaken during testing. 
  
Athletic Performance Measures 
 
Three athletic performance measures will be performed at both testing sessions, 
those being a vertical jump test, single leg squat test and cross-over hop for 
distance test. 
 
The vertical jump test is a standard measure of lower limb muscular power. Two 
types of vertical jump tests will be performed, those being a stationary and in-
motion test. The stationary test will involve the performance of a vertical jump, 
reaching for maximum height with no run-up. The in-motion test is identical with 
the exception of a two-step run-up being allowed. You will be given three attempts 
for both tests to reach your maximal jump height. 
 
The single leg squat test will involve the performance of five single leg squat 
repetitions while being observed by a researcher. During the test you will be 
required to keep your arms crossed in front of your body at chest height. The five 
repetitions will be undertaken on both the left and right legs. 
 
The cross-over hop for distance test involves the performance of four diagonal hops 
with the goal of travelling the greatest distance forward from the starting point. 
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Each hop must cross over a 20 centimetre zone marked out on the floor. The test 
will be performed on both the left and right legs. You will be given three attempts 
for both legs to reach your maximal hop distance.  
 
Training Program 
 
A random selection of participants will also be required to participate in a six-week 
injury intervention program between the two laboratory testing sessions. The injury 
intervention program being used in this research is the ‘Down to Earth’ program, 
which aims to teach netball specific safe and effective landing technique, and is 
promoted as a coaching resource by Netball Australia. The injury intervention 
program involves the performance of balance, strength, plyometric and agility 
based exercises three times per week (one training and two home-based sessions). 
You will be required to fill out a training diary detailing when you completed each of 
the training sessions. 
 
While completing the training program you will also be required to fill in an activity 
diary detailing any physical activity you complete over the six-week period. This is to 
monitor for any activities that may have an influence on the results of the 
intervention program.  
NOTE: participants who do not complete the training program are also required to 
complete a physical activity diary over the six-week period between laboratory 
testing sessions. 
 
3. What will I gain by participating? 
 
By participating in this research you are contributing to an improved understanding 
of ACL injury risk and prevention within the sport of netball. You may also gain a 
greater understanding of your risk for future ACL injury, where researchers will be 
happy to provide you with any of your results (see Section 6) or ask any questions 
you may have. If required you may be provided with further information on how to 
reduce the chance of sustaining an ACL injury in the future. Participants who 
complete the injury intervention program may in fact reduce their risk of future 
injury via the training program. 
 
4. Are there any risks involved? 
 
There is minimal risk associated with participation in this research. As all jump-
landing tasks have the ability to cause injury there is the risk of incurring a lower 
limb injury during laboratory testing. The sporting tasks that you will be required to 
perform are performed in a controlled laboratory environment and present the 
same, if not lower risk of injury than those performed in a normal netball game. The 
research team includes an accredited exercise physiologist and physiotherapist, and 
in the unlikely event of an injury occurring research staff will provide initial care. 
However, accessing ongoing care and any treatment relating to the injury will be at 
your expense. 
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5. Will the information I provide be kept private? 
 
Any information obtained in connection with this research project that can identify 
you will remain confidential and will only be used for the purpose of this research 
project.  Information will only be disclosed with your permission, except as required 
to by law. If you give us permission by signing the Consent Form, we plan to publish 
the results at conferences and in scientific journals.  In any publication or 
presentation, your information will be provided in such a way that you cannot be 
identified. 
 
6. Results of the Project 
 
Results of this project will be available to you by mail or e-mail, at your request. 
 
7. Further Information or Any Problems 
 
If you require further information or if you have any problems concerning this 
project you can contact one of the principal researchers.  The researchers 
responsible for this project are: 
      Dr. Natalie Saunders 9246-8284 
      Mr. Aaron Fox  9251-7783 or 0411-962-169 
Complaints 
 
If you have any complaints about any aspect of the project, the way it is being 
conducted or any questions about your rights as a research participant, then you 
may contact:   
 
The Manager, Research Integrity, Deakin University, 221 Burwood Highway, 
Burwood Victoria 3125, Telephone: 9251 7129, Facsimile: 9244 6581; research-
ethics@deakin.edu.au 
 
Please quote project number [2013-007]. 
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PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
To: Female netball players (aged 18 and above) 
 
Consent Form 
Date:  
Full Project Title: Neuromechanical control of the lower limb: Implications for ACL 
injury risk and prevention 
Reference Number: 2013-007 
 
I have read and I understand the attached Plain Language Statement. 
I freely agree to participate in this project according to the conditions in the Plain 
Language Statement.  
I have been given a copy of the Plain Language Statement and Consent Form to 
keep.  
The researcher has agreed not to reveal my identity and personal details, including 
where information about this project is published, or presented in any public form.   
 
 
Participant’s Name (printed) …………………………………………………………………… 
Signature ……………………………………………………… Date  ………………………… 
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PLAIN LANGUAGE STATEMENT AND CONSENT FORM 
 
To: Female netball players (aged 18 and above) 
 
Revocation of Consent Form 
(To be used for participants who wish to withdraw from the project) 
Date:  
Full Project Title: Neuromechanical control of the lower limb: Implications for ACL 
injury risk and prevention 
Reference Number: 2013-007 
 
 
I hereby wish to WITHDRAW my consent to participate in the above research 
project and understand that such withdrawal WILL NOT jeopardise my relationship 
with Deakin University. 
 
 
 
Participant’s Name (printed) ……………………………………………………. 
 
 
Signature ………………………………………………………………. Date …………………… 
 
 
 
Please mail this form to: 
 
Dr. Natalie Saunders 
Centre for Exercise and Sport Science 
School of Exercise and Nutrition Sciences 
Deakin University, Melbourne Campus 
221 Burwood Hwy, Burwood, VIC 3125 
Telephone: +61 3 9246-8284 
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Appendix E Maximal Voluntary Isometric 
Contraction (MVIC) Procedures. Adapted from 
Konrad.[263] 
Muscles Tested MVIC Set Position Procedure 
x Rectus Femoris 
x Vastus Medialis 
 
Perform a single leg knee extension 
against resistance between 70q and 
90q of knee flexion. 
x Biceps Femoris 
x Medial Hamstrings 
 
Arrange a good fixation of the hip 
and perform a unilateral knee 
flexion against resistance at 
approximately 20q and 30q of knee 
flexion. 
x Gluteus Maximus 
 
Perform a single leg hip extension 
against resistance with the hip 
positioned at approximately 20q of 
hyperextension. 
x Gluteus Medius 
 
Perform a single leg hip abduction 
against resistance in a side laying 
position. 
x Gastrocnemius 
 
Perform a single leg plantar flexion 
against very rigid resistance with 
the knees in full extension and 
ankle positioned at 90q. 
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Appendix F Approach Speed Data Analysis Results 
One-dimensional statistical parametric mapping (SPM1D) canonical 
correlations analysis and linear regression was used to examine whether 
changes in approach speed influenced hip and knee joint rotations and 
moments (see Section 3.5.2 within this thesis for a description of SPM1D 
procedures). Approach speed was found to have a statistically significant 
effect at certain points along the hip and knee kinematic (see Appendix Figure 
F.1, Page 392 and Appendix Figure F.2, Page 393, respectively) and kinetic (see 
Appendix Figure F.3, Page 394 and Appendix Figure F.4, Page 395, 
respectively) waveforms. 
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Appendix Figure F.1 SPM{X2} and SPM{t} test statistic trajectories 
from canonical correlations analysis and SPM1D 
linear regression between approach speed and 
hip joint rotations from the netball-specific 
landing task. Dashed lines indicate the critical 
threshold for statistical significance. 
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Appendix Figure F.2 SPM{X2} and SPM{t} test statistic trajectories 
from canonical correlations analysis and SPM1D 
linear regression between approach speed and 
knee joint rotations from the netball-specific 
landing task. Dashed lines indicate the critical 
threshold for statistical significance. 
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Appendix Figure F.3 SPM{X2} and SPM{t} test statistic trajectories 
from canonical correlations analysis and SPM1D 
linear regression between approach speed and 
hip joint moments from the netball-specific 
landing task. Dashed lines indicate the critical 
threshold for statistical significance. 
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Appendix Figure F.4 SPM{X2} and SPM{t} test statistic trajectories 
from canonical correlations analysis and SPM1D 
linear regression between approach speed and 
knee joint moments from the netball-specific 
landing task. Dashed lines indicate the critical 
threshold for statistical significance. 
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Appendix G Descriptions of the Principal Patterns 
Extracted from the Netball-Specific Landing Task used 
in Chapter Six 
Within Chapter Six, principal component analysis (PCA) was applied to the 
extracted kinematic and kinetic data from the netball-specific landing task to 
identify and calculate the principal patterns (PP) and PP-Scores, respectively. 
This appendix provides a comprehensive description and interpretation of 
these PPs. The figures included in this appendix provide a graphical display 
of the patterns associated with high (‘+’ symbols) and low (‘–’ symbols) PP-
Scores for each PP. 
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G.1 Kinematic Data 
G.1.1 Hip Flexion (FLEX) / Extension (EXT) Principal Patterns 
Appendix Figure G.1 Mean hip FLEX/EXT kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of hip 
FLEX/EXT PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Hip FLEX/EXT PP1 explained 82.4% of the variance in hip FLEX/EXT 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip flexion, while 
lower PP-Scores indicated reduced overall hip flexion. Hip FLEX/EXT PP2 
explained 10.6% of the variance in hip FLEX/EXT kinematic data, and was 
representative of the magnitude of hip flexion from initial contact (IC) to 50 
milliseconds post IC. Higher PP-Scores indicated greater hip flexion, while 
lower PP-Scores indicated reduced hip flexion. 
Appendix G 
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G.1.2 Hip Adduction (ADD) / Abduction (ABD) Principal Patterns 
Appendix Figure G.2 Mean hip ADD/ABD kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of hip 
ADD/ABD PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Hip ADD/ABD PP1 explained 84.6% of the variance in hip ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip adduction, while 
lower PP-Scores indicated reduced overall hip adduction. Hip ADD/ABD PP2 
explained 10.0% of the variance in hip ADD/ABD kinematic data, and was 
representative of the magnitude of frontal plane hip angular displacement. 
Higher PP-Scores indicated reduced frontal plane hip angular displacement, 
while lower PP-Scores indicated greater frontal plane hip angular 
displacement. 
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Hip IR/ER PP1 explained 73.0% of the variance in hip IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated greater overall hip internal rotation, while lower PP-
Scores indicated greater overall hip external rotation. Hip IR/ER PP2 explained 
16.1% of the variance in hip IR/ER kinematic data, and was representative of 
the magnitude of hip external rotation from initial contact (IC) to 30 
milliseconds post IC. Higher PP-Scores indicated reduced hip external 
rotation, while lower PP-Scores indicated greater hip external rotation. Hip 
IR/ER PP3 explained 7.1% of the variance in hip IR/ER kinematic data, and 
was representative of the magnitude of peak hip internal rotation around 60 – 
90 ms after IC. Higher PP-Scores indicated a greater hip internal rotation peak, 
while lower PP-Scores indicated a reduced hip internal rotation peak. 
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G.1.4 Knee Extension (EXT) / Flexion (FLEX) Principal Patterns 
Appendix Figure G.4 Mean knee EXT/FLEX kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of 
knee EXT/FLEX PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee EXT/FLEX PP1 explained 83.3% of the variance in knee EXT/FLEX 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall knee flexion, while 
lower PP-Scores indicated greater overall knee flexion. Knee EXT/FLEX PP2 
explained 8.9% of the variance in knee EXT/FLEX kinematic data, and was 
representative of the magnitude of sagittal plane knee angular displacement. 
Higher PP-Scores indicated reduced sagittal plane knee angular displacement, 
while lower PP-Scores indicated greater sagittal plane knee angular 
displacement. 
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G.1.5 Knee Adduction (ADD) / Abduction (ABD) Principal Patterns 
Appendix Figure G.5 Mean knee ADD/ABD kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of 
knee ADD/ABD PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee ADD/ABD PP1 explained 79.2% of the variance in knee ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced knee abduction but greater 
knee adduction, while lower PP-Scores indicated greater overall knee 
abduction. Knee ADD/ABD PP2 explained 11.0% of the variance in knee 
ADD/ABD kinematic data, and was representative of the timing of the knee 
adduction peak. Higher PP-Scores indicated an earlier knee adduction peak, 
while lower PP-Scores indicated a delayed knee adduction peak. 
 
  
403 
Appendix G
G
.1
.6
 K
ne
e 
In
te
rn
al
 (I
R
) /
 E
xt
er
na
l (
ER
) R
ot
at
io
n 
Pr
in
ci
pa
l P
at
te
rn
s 
 
 
 
A
pp
en
di
x 
Fi
gu
re
 G
.6
 
M
ea
n 
kn
ee
 I
R
/E
R
 k
in
em
at
ic
 d
at
a 
(s
ol
id
 li
ne
) f
ro
m
 th
e 
ne
tb
al
l-
sp
ec
if
ic
 la
nd
in
g 
ta
sk
 w
it
h 
th
e 
ef
fe
ct
 o
f 
ad
di
ng
 a
nd
 s
ub
tr
ac
tin
g 
a 
m
ul
tip
le
 o
f 
kn
ee
 I
R
/E
R
 P
P1
, P
P2
 a
nd
 P
P3
 to
 th
e 
m
ea
n 
cu
rv
e 
sh
ow
n 
by
 th
e 
pl
us
 a
nd
 m
in
us
 s
ym
bo
ls
, r
es
pe
ct
iv
el
y.
Appendix G 
 
404 
Knee IR/ER PP1 explained 58.0% of the variance in knee IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated greater overall knee internal rotation, while lower PP-
Scores indicated reduced overall knee internal rotation. Knee IR/ER PP2 
explained 22.6% of the variance in knee IR/ER kinematic data, and was 
representative of the magnitude of knee external rotation from initial contact 
(IC) to 30 milliseconds post IC. Higher PP-Scores indicated reduced knee 
external rotation, while lower PP-Scores indicated greater knee external 
rotation. Knee IR/ER PP3 explained 13.4% of the variance in knee IR/ER 
kinematic data, and was representative of the magnitude of peak knee internal 
rotation. Higher PP-Scores indicated greater peak knee internal rotation, while 
lower PP-Scores indicated reduced peak knee internal rotation. 
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G.2 Kinetic Data 
G.2.1 Hip Extension (EXT) / Flexion (FLEX) Moment Principal Patterns 
Appendix Figure G.7 Mean hip EXT/FLEX kinetic data (solid line) from 
the netball-specific landing task with the effect 
of adding and subtracting a multiple of hip 
EXT/FLEX moment PP1, PP2, PP3 and PP4 to the 
mean curve shown by the plus and minus 
symbols, respectively. 
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Hip EXT/FLEX moment PP1 explained 61.9% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall hip flexion moment, 
while lower PP-Scores indicated greater overall hip flexion moment. Hip 
EXT/FLEX moment PP2 explained 19.1% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the magnitude of the peak hip flexion 
moment. Higher PP-Scores indicated a reduced peak hip flexion moment, 
while lower PP-Scores indicated a greater peak hip flexion moment. Hip 
EXT/FLEX moment PP3 explained 7.5% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the magnitude of the hip flexion 
moment from 30 – 60 ms post initial contact (IC). Higher PP-Scores indicated 
reduced hip flexion moment, while lower PP-Scores indicated greater hip 
flexion moment from 30 – 60 ms post IC. Hip EXT/FLEX moment PP4 
explained 5.9% of the variance in hip FLEX/EXT kinetic data, and was 
representative of the magnitude of the hip flexion moment from 60 – 90 ms 
post IC. Higher PP-Scores indicated reduced hip flexion moment, while lower 
PP-Scores indicated greater hip flexion moment from 60 – 90 ms post IC.  
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Hip ABD/ADD moment PP1 explained 66.9% of the variance in hip ABD/ADD 
kinetic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall hip adduction 
moment, while lower PP-Scores indicated greater overall hip adduction 
moment. Hip ABD/ADD moment PP2 explained 20.1% of the variance in hip 
ABD/ADD kinetic data, and was representative of the magnitude of the hip 
abduction moment from initial contact (IC) to 30 ms post IC. Higher PP-Scores 
indicated a greater hip abduction moment, while lower PP-Scores indicated a 
reduced hip abduction moment from IC to 30 ms post IC. Hip ABD/ADD 
moment PP3 explained 6.1% of the variance in hip ABD/ADD kinetic data, and 
was representative of the presence of bimodal peaks in frontal plane hip 
moments. Higher PP-Scores indicated the presence of hip abduction and 
adduction moment peaks, while lower PP-Scores indicated the presence of a 
singular hip adduction moment peak. 
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G.2.3 Hip External (ER) / Internal (IR) Rotation Moment Principal Patterns 
Appendix Figure G.9 Mean hip ER/IR kinetic data (solid line) from the 
netball-specific landing task with the effect of 
adding and subtracting a multiple of hip ER/IR 
moment PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Hip ER/IR moment PP1 explained 77.1% of the variance in hip ER/IR kinetic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated greater overall hip internal rotation moment, 
while lower PP-Scores indicated reduced overall hip internal rotation 
moment. Hip ER/IR moment PP2 explained 14.2% of the variance in hip ER/IR 
kinetic data, and was representative of the magnitude of the peak hip external 
rotation moment. Higher PP-Scores indicated a reduced peak hip external 
rotation moment, while lower PP-Scores indicated a greater peak hip external 
rotation moment.  
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Knee FLEX/EXT moment PP1 explained 49.3% of the variance in knee 
FLEX/EXT kinetic data, and was representative of the general shape and 
overall magnitude. Higher PP-Scores indicated greater overall knee flexion 
moment, while lower PP-Scores indicated reduced overall knee flexion 
moment. Knee FLEX/EXT moment PP2 explained 36.4% of the variance in 
knee FLEX/EXT kinetic data, and was representative of the timing of peak knee 
flexion moment. Higher PP-Scores indicated delayed peak knee flexion 
moment, while lower PP-Scores indicated earlier peak knee flexion moment. 
Knee FLEX/EXT moment PP3 explained 6.2% of the variance in knee 
FLEX/EXT kinetic data, and was representative of magnitude of sagittal plane 
knee moment peaks. Higher PP-Scores indicated reduced knee flexion and 
extension peak moments, while lower PP-Scores indicated greater knee flexion 
and extension peak moments. 
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Knee ABD/ADD moment PP1 explained 61.2% of the variance in knee 
ABD/ADD kinetic data, and was representative of magnitude of knee 
adduction moment. Higher PP-Scores indicated reduced knee adduction 
moment, while lower PP-Scores indicated greater knee adduction moment. 
Knee ABD/ADD moment PP2 explained 24.2% of the variance in knee 
ABD/ADD kinetic data, and was representative of magnitude of peak knee 
abduction moment. Higher PP-Scores indicated greater peak knee abduction 
moment, while lower PP-Scores indicated reduced peak knee abduction 
moment. Knee ABD/ADD moment PP3 explained 9.0% of the variance in knee 
ABD/ADD kinetic data, and was representative of the timing of peak knee 
abduction moment. Higher PP-Scores indicated earlier and greater peak knee 
abduction moment, while lower PP-Scores indicated delayed and reduced 
peak knee abduction moment. 
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G.2.6 Knee External (ER) / Internal (IR) Rotation Moment Principal Patterns 
Appendix Figure G.12 Mean knee ER/IR kinetic data (solid line) from 
the netball-specific landing task with the effect 
of adding and subtracting a multiple of knee 
ER/IR moment PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee ER/IR moment PP1 explained 81.4% of the variance in knee ER/IR kinetic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated greater overall knee internal rotation moment, 
while lower PP-Scores indicated reduced overall knee internal rotation 
moment. Knee ER/IR moment PP2 explained 12.8% of the variance in knee 
ER/IR kinetic data, and was representative of magnitude of peak knee internal 
rotation moment. Higher PP-Scores indicated greater peak knee internal 
rotation moment, while lower PP-Scores indicated reduced peak knee internal 
rotation moment. 
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Appendix I Full Results of Intra- and Inter-Rater 
Reliability Analyses for the Landing Error Scoring 
System (LESS) and Tuck Jump Assessment 
 
I.1 Landing Error Scoring System (LESS) Reliability 
Appendix Table I.1 Percentage of exact agreement (PEA) and Kappa 
(κ) statistics for intra- and inter-rater reliability of 
the Landing Error Scoring System (LESS) scoring 
criteria. 
Scoring Criteria Intra-Rater 
PEA 
Intra-Rater 
Cohen’s κ 
Inter-Rater 
PEA 
Intra-Rater 
Cohen’s κ 
Knee flexion angle at IC 100% 1.000 80% 0.600 
Hip flexion angle at IC 100% 1.000 100% 1.000 
Trunk flexion angle at IC 80% 0.524 70% 0.400 
Ankle plantar-flexion angle at IC 90% 0.615 90% 0.375 
Knee valgus angle at IC 100% 1.000 90% 0.800 
Lateral trunk flexion angle at IC 100% 1.000 100% 1.000 
Stance width – Wide 100% 1.000 100% 1.000 
Stance width – Narrow 90% 0.615 80% 0.545 
Foot position – Toe in 100% 1.000 100% 1.000 
Foot position – Toe out 100% 1.000 100% 1.000 
Symmetrical initial foot contact 100% 1.000 100% 1.000 
Knee flexion displacement 100% 1.000 80% 0.600 
Hip flexion at maximum knee flexion 90% 0.783 80% 0.286 
Trunk flexion at maximum knee flexion 100% 1.000 80% 0.600 
Knee valgus displacement 100% 1.000 100% 1.000 
Joint displacement 100% 1.000 80% 0.643 
Overall impression 100% 1.000 100% 1.000 
ALL CRITERIA 97% 0.933 90% 0.745 
IC – Initial contact; PEA – Percentage of exact agreement; κ - Kappa 
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I.2 Tuck Jump Assessment Reliability 
Appendix Table I.2 Percentage of exact agreement (PEA) and Kappa 
(κ) statistics for intra- and inter-rater reliability of 
the Tuck Jump Assessment scoring criteria. 
Scoring Criteria 
Intra-Rater 
PEA 
Intra-Rater 
Cohen’s κ 
Inter-Rater 
PEA 
Intra-Rater 
Cohen’s κ 
Knee valgus on landing 100% 1.000 80% 0.545 
Thighs not reaching parallel 100% 1.000 70% 0.400 
Thighs not equal side to side 90% 0.800 90% 0.800 
Foot placement not shoulder width apart 90% 0.737 80% 0.524 
Foot placement not parallel 100% 1.000 70% 0.400 
Foot contact timing not equal 100% 1.000 90% 0.800 
Does not land in same foot print 100% 1.000 100% 1.000 
Excessive landing contact noise 100% 1.000 100% 1.000 
Pause between jumps 100% 1.000 90% 0.800 
Technique declines prior to 10 seconds 90% 0.783 90% 0.783 
ALL CRITERIA 97% 0.940 84% 0.689 
IC – Initial contact; PEA – Percentage of exact agreement; κ - Kappa 
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Appendix J Descriptions of the Principal Patterns 
Extracted from the Single-Leg Squat Task used in 
Chapter Nine 
Within Chapter Nine, principal component analysis (PCA) was applied to the 
extracted kinematic data from the single-leg squat task to identify and 
calculate the principal patterns (PP) and PP-Scores, respectively. This 
appendix provides a comprehensive description and interpretation of these 
PPs. The figures included in this appendix provide a graphical display of the 
patterns associated with high (‘+’ symbols) and low (‘–’ symbols) PP-Scores for 
each PP. 
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J.1 Kinematic Data 
J.1.1 Hip Flexion (FLEX) / Extension (EXT) Principal Patterns 
Appendix Figure J.1 Mean hip FLEX/EXT kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of hip 
FLEX/EXT PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Hip FLEX/EXT PP1 explained 79.3% of the variance in hip FLEX/EXT 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip flexion, while 
lower PP-Scores indicated reduced overall hip flexion. Hip FLEX/EXT PP2 
explained 14.9% of the variance in hip FLEX/EXT kinematic data, and was 
representative of the timing of peak hip flexion. Higher PP-Scores indicated 
delayed peak hip flexion, while lower PP-Scores indicated earlier peak hip 
flexion. 
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Hip ADD/ABD PP1 explained 77.8% of the variance in hip ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip adduction, while 
lower PP-Scores indicated reduced overall hip adduction. Hip ADD/ABD PP2 
explained 10.7% of the variance in hip ADD/ABD kinematic data, and was 
representative of the magnitude of hip adduction at ~0-25% and ~75-100% of 
the squat. Higher PP-Scores indicated greater hip adduction, while lower PP-
Scores indicated reduced hip adduction at ~0-25% and ~75-100% of the squat. 
Hip ADD/ABD PP3 explained 5.9% of the variance in hip ADD/ABD 
kinematic data, and was representative of the timing of peak hip adduction. 
Higher PP-Scores indicated earlier peak hip adduction, while lower PP-Scores 
indicated delayed peak hip adduction. 
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J.1.3 Hip Internal (IR) / External (ER) Rotation Principal Patterns 
Appendix Figure J.3 Mean hip IR/ER kinematic data (solid line) from 
the single-leg squat task with the effect of adding 
and subtracting a multiple of hip IR/ER PP1 and 
PP2 to the mean curve shown by the plus and 
minus symbols, respectively. 
Hip IR/ER PP1 explained 81.3% of the variance in hip IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated reduced overall hip external rotation, while lower PP-
Scores indicated greater overall hip external rotation. Hip IR/ER PP2 explained 
9.9% of the variance in hip IR/ER kinematic data, and was representative of 
the magnitude of hip internal and external rotation peaks. Higher PP-Scores 
indicated greater hip transverse plane peak motion, while lower PP-Scores 
indicated reduced hip transverse plane peak motion. 
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J.1.4 Knee Extension (EXT) / Flexion (FLEX) Principal Patterns 
Appendix Figure J.4 Mean knee EXT/FLEX kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of hip 
EXT/FLEX PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Knee EXT/FLEX PP1 explained 72.9% of the variance in knee EXT/FLEX 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall knee flexion, while 
lower PP-Scores indicated greater overall knee flexion. Knee EXT/FLEX PP2 
explained 17.2% of the variance in knee EXT/FLEX kinematic data, and was 
representative of the timing of peak knee flexion. Higher PP-Scores indicated 
delayed peak knee flexion, while lower PP-Scores indicated earlier peak knee 
flexion. 
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J.1.5 Knee Adduction (ADD) / Abduction (ABD) Principal Patterns 
Appendix Figure J.5 Mean knee ADD/ABD kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of knee 
ADD/ABD PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee ADD/ABD PP1 explained 87.3% of the variance in knee ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall knee adduction, while 
lower PP-Scores indicated greater overall knee abduction. Knee ADD/ABD 
PP2 explained 5.7% of the variance in knee ADD/ABD kinematic data, and was 
representative of the magnitude of knee adduction and abduction peaks. 
Higher PP-Scores indicated greater knee frontal plane peak motion, while 
lower PP-Scores indicated reduced knee frontal plane peak motion. 
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J.1.6 Knee Internal (IR) / External (ER) Rotation Principal Patterns 
Appendix Figure J.6 Mean knee IR/ER kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of knee IR/ER 
PP1 and PP2 to the mean curve shown by the 
plus and minus symbols, respectively. 
Knee IR/ER PP1 explained 84.9% of the variance in knee IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated greater overall knee internal rotation, while lower PP-
Scores indicated reduced overall knee internal rotation. Knee IR/ER PP2 
explained 9.3% of the variance in knee IR/ER kinematic data, and was 
representative of the magnitude of transverse plane knee angular 
displacement. Higher PP-Scores indicated greater transverse plane knee 
angular displacement, while lower PP-Scores indicated reduced transverse 
plane knee angular displacement. 
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Ankle DF/PF PP1 explained 71.0% of the variance in ankle DF/PF kinematic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated greater overall ankle dorsiflexion, while lower PP-
Scores indicated reduced overall ankle dorsiflexion. Ankle DF/PF PP2 
explained 16.0% of the variance in ankle DF/PF kinematic data, and was 
representative of the ankle dorsiflexion range of motion (ROM) and timing of 
dorsiflexion peak. Higher PP-Scores indicated reduced ROM and delayed 
peak dorsiflexion, while lower PP-Scores indicated greater ROM and earlier 
peak dorsiflexion. Ankle DF/PF PP3 explained 8.7% of the variance in ankle 
DF/PF kinematic data, and was representative of the ankle dorsiflexion range 
of motion (ROM) and timing of dorsiflexion peak. Higher PP-Scores indicated 
reduced ROM and earlier peak dorsiflexion, while lower PP-Scores indicated 
greater ROM and delayed peak dorsiflexion. 
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J.1.8 Ankle Inversion (INV) / Eversion (EVE) Principal Patterns 
 
Appendix Figure J.8 Mean ankle INV/EVE kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of ankle 
INV/EVE PP1 to the mean curve shown by the 
plus and minus symbols, respectively. 
Ankle INV/EVE PP1 explained 91.6% of the variance in ankle INV/EVE 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall ankle inversion, while 
lower PP-Scores indicated greater overall ankle inversion. 
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J.1.9 Ankle Internal (IR) / External (ER Rotation Principal Patterns 
Appendix Figure J.9 Mean ankle IR/ER kinematic data (solid line) 
from the single-leg squat task with the effect of 
adding and subtracting a multiple of ankle IR/ER 
PP1, PP2, PP3 and PP4 to the mean curve shown 
by the plus and minus symbols, respectively. 
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Ankle IR/ER PP1 explained 61.3% of the variance in ankle IR/ER kinematic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated reduced overall ankle external rotation, while 
lower PP-Scores indicated greater overall ankle external rotation. Ankle IR/ER 
PP2 explained 13.4% of the variance in ankle IR/ER kinematic data, and was 
representative of the magnitude of ankle external rotation at ~0-20% of the 
squat. Higher PP-Scores indicated reduced ankle external rotation, while 
lower PP-Scores indicated greater ankle external rotation at ~0-20% of the 
squat. Ankle IR/ER PP3 explained 9.1% of the variance in ankle IR/ER 
kinematic data, and was representative of the magnitude of ankle external 
rotation at ~75-100% of the squat. Higher PP-Scores indicated reduced ankle 
external rotation, while lower PP-Scores indicated greater ankle external 
rotation at ~75-100% of the squat. Ankle IR/ER PP4 explained 7.0% of the 
variance in ankle IR/ER kinematic data, and was representative of the 
magnitude of ankle external rotation at ~60-75% of the squat. Higher PP-Scores 
indicated greater ankle external rotation, while lower PP-Scores indicated 
reduced ankle external rotation at ~60-75% of the squat. 
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Appendix K Descriptions of the Principal Patterns 
Extracted from the Netball-Specific Landing Task used 
in Chapter Nine 
Within Chapter Nine, principal component analysis (PCA) was applied to the 
extracted kinematic and kinetic data from the netball-specific landing task to 
identify and calculate the principal patterns (PP) and PP-Scores, respectively. 
This appendix provides a comprehensive description and interpretation of 
these PPs. The figures included in this appendix provide a graphical display 
of the patterns associated with high (‘+’ symbols) and low (‘–’ symbols) PP-
Scores for each PP. 
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K.1 Kinematic Data 
K.1.1 Hip Flexion (FLEX) / Extension (EXT) Principal Patterns 
Appendix Figure K.1 Mean hip FLEX/EXT kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of hip 
FLEX/EXT PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Hip FLEX/EXT PP1 explained 86.4% of the variance in hip FLEX/EXT 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip flexion, while 
lower PP-Scores indicated reduced overall hip flexion. Hip FLEX/EXT PP2 
explained 7.7% of the variance in hip FLEX/EXT kinematic data, and was 
representative of the duration of hip flexion. Higher PP-Scores indicated 
prolonged hip flexion, while lower PP-Scores indicated a shortened duration 
of hip flexion. 
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K.1.2 Hip Adduction (ADD) / Abduction (ABD) Principal Patterns 
Appendix Figure K.2 Mean hip ADD/ABD kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of hip 
ADD/ABD PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Hip ADD/ABD PP1 explained 86.7% of the variance in hip ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated greater overall hip adduction, while 
lower PP-Scores indicated reduced overall hip adduction. Hip ADD/ABD PP2 
explained 9.7% of the variance in hip ADD/ABD kinematic data, and was 
representative of the magnitude of frontal plane hip angular displacement. 
Higher PP-Scores indicated greater frontal plane hip angular displacement, 
while lower PP-Scores indicated reduced frontal plane hip angular 
displacement. 
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K.1.3 Hip Internal (IR) / External (ER) Rotation Principal Patterns 
Appendix Figure K.3 Mean hip IR/ER kinematic data (solid line) from 
the netball-specific landing task with the effect 
of adding and subtracting a multiple of hip IR/ER 
PP1 and PP2 to the mean curve shown by the 
plus and minus symbols, respectively. 
Hip IR/ER PP1 explained 74.0% of the variance in hip IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated greater overall hip internal rotation, while lower PP-
Scores indicated greater overall hip external rotation. Hip IR/ER PP2 explained 
17.4% of the variance in hip IR/ER kinematic data, and was representative of 
the magnitude of hip external rotation from initial contact (IC) to 30 
milliseconds post IC. Higher PP-Scores indicated reduced hip external 
rotation, while lower PP-Scores indicated greater hip external rotation. 
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K.1.4 Knee Extension (EXT) / Flexion (FLEX) Principal Patterns 
 
Appendix Figure K.4 Mean knee EXT/FLEX kinematic data (solid line) 
from the netball-specific landing task with the 
effect of adding and subtracting a multiple of 
knee EXT/FLEX PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee EXT/FLEX PP1 explained 90.6% of the variance in knee EXT/FLEX 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall knee flexion, while 
lower PP-Scores indicated greater overall knee flexion. 
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Knee ADD/ABD PP1 explained 77.7% of the variance in knee ADD/ABD 
kinematic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced knee abduction but greater 
knee adduction, while lower PP-Scores indicated greater overall knee 
abduction. Knee ADD/ABD PP2 explained 10.7% of the variance in knee 
ADD/ABD kinematic data, and was representative of the timing of the knee 
adduction peak. Higher PP-Scores indicated an earlier knee adduction peak, 
while lower PP-Scores indicated a delayed knee adduction peak. Knee 
ADD/ABD PP3 explained 7.8% of the variance in knee ADD/ABD kinematic 
data, and was representative of the presence of bimodal peaks in frontal plane 
knee motion. Higher PP-Scores indicated a singular knee abduction peak, 
while lower PP-Scores indicated knee abduction and adduction peaks. 
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Knee IR/ER PP1 explained 73.4% of the variance in knee IR/ER kinematic data, 
and was representative of the general shape and overall magnitude. Higher 
PP-Scores indicated greater overall knee internal rotation, while lower PP-
Scores indicated reduced overall knee internal rotation. Knee IR/ER PP2 
explained 15.3% of the variance in knee IR/ER kinematic data, and was 
representative of the magnitude of knee external rotation from initial contact 
(IC) to 30 milliseconds post IC. Higher PP-Scores indicated reduced knee 
external rotation, while lower PP-Scores indicated greater knee external 
rotation. Knee IR/ER PP3 explained 8.7% of the variance in knee IR/ER 
kinematic data, and was representative of the magnitude of peak knee internal 
rotation. Higher PP-Scores indicated greater peak knee internal rotation, while 
lower PP-Scores indicated reduced peak knee internal rotation. 
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Hip EXT/FLEX moment PP1 explained 56.8% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall hip flexion moment, 
while lower PP-Scores indicated greater overall hip flexion moment. Hip 
EXT/FLEX moment PP2 explained 27.0% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the magnitude of the peak hip flexion 
moment. Higher PP-Scores indicated a reduced peak hip flexion moment, 
while lower PP-Scores indicated a greater peak hip flexion moment. Hip 
EXT/FLEX moment PP3 explained 6.7% of the variance in hip FLEX/EXT 
kinetic data, and was representative of the magnitude of the hip flexion 
moment from 30 – 60 ms post initial contact (IC). Higher PP-Scores indicated 
reduced hip flexion moment, while lower PP-Scores indicated greater hip 
flexion moment from 30 – 60 ms post IC. 
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Hip ABD/ADD moment PP1 explained 74.0% of the variance in hip ABD/ADD 
kinetic data, and was representative of the general shape and overall 
magnitude. Higher PP-Scores indicated reduced overall hip adduction 
moment, while lower PP-Scores indicated greater overall hip adduction 
moment. Hip ABD/ADD moment PP2 explained 15.4% of the variance in hip 
ABD/ADD kinetic data, and was representative of the magnitude of the hip 
abduction moment from initial contact (IC) to 30 ms post IC. Higher PP-Scores 
indicated a greater hip abduction moment, while lower PP-Scores indicated a 
reduced hip abduction moment from IC to 30 ms post IC. Hip ABD/ADD 
moment PP3 explained 5.2% of the variance in hip ABD/ADD kinetic data, and 
was representative of the presence of bimodal peaks in frontal plane hip 
moments. Higher PP-Scores indicated the presence of hip abduction and 
adduction moment peaks, while lower PP-Scores indicated the presence of a 
singular hip adduction moment peak. 
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K.2.3 Hip External (ER) / Internal (IR) Rotation Moment Principal Patterns 
Appendix Figure K.9 Mean hip ER/IR kinetic data (solid line) from the 
netball-specific landing task with the effect of 
adding and subtracting a multiple of hip ER/IR 
moment PP1 and PP2 to the mean curve shown 
by the plus and minus symbols, respectively. 
Hip ER/IR moment PP1 explained 83.0% of the variance in hip ER/IR kinetic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated greater overall hip internal rotation moment, 
while lower PP-Scores indicated reduced overall hip internal rotation 
moment. Hip ER/IR moment PP2 explained 10.2% of the variance in hip ER/IR 
kinetic data, and was representative of the magnitude of the peak hip external 
rotation moment. Higher PP-Scores indicated a reduced peak hip external 
rotation moment, while lower PP-Scores indicated a greater peak hip external 
rotation moment. 
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Knee FLEX/EXT moment PP1 explained 60.3% of the variance in knee 
FLEX/EXT kinetic data, and was representative of the general shape and 
overall magnitude. Higher PP-Scores indicated greater overall knee flexion 
moment, while lower PP-Scores indicated reduced overall knee flexion 
moment. Knee FLEX/EXT moment PP2 explained 29.4% of the variance in 
knee FLEX/EXT kinetic data, and was representative of the timing of peak knee 
flexion moment. Higher PP-Scores indicated delayed peak knee flexion 
moment, while lower PP-Scores indicated earlier peak knee flexion moment. 
Knee FLEX/EXT moment PP3 explained 4.9% of the variance in knee 
FLEX/EXT kinetic data, and was representative of magnitude of sagittal plane 
knee moment peaks. Higher PP-Scores indicated reduced knee flexion and 
extension peak moments, while lower PP-Scores indicated greater knee flexion 
and extension peak moments. 
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Knee ABD/ADD moment PP1 explained 73.3% of the variance in knee 
ABD/ADD kinetic data, and was representative of magnitude of knee 
adduction moment. Higher PP-Scores indicated reduced knee adduction 
moment, while lower PP-Scores indicated greater knee adduction moment. 
Knee ABD/ADD moment PP2 explained 14.4% of the variance in knee 
ABD/ADD kinetic data, and was representative of magnitude of peak knee 
abduction moment. Higher PP-Scores indicated greater peak knee abduction 
moment, while lower PP-Scores indicated reduced peak knee abduction 
moment. Knee ABD/ADD moment PP3 explained 8.0% of the variance in knee 
ABD/ADD kinetic data, and was representative of the timing and magnitude 
of peak knee abduction moment. Higher PP-Scores indicated earlier and 
greater peak knee abduction moment, while lower PP-Scores indicated 
delayed and reduced peak knee abduction moment. 
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K.2.6 Knee External (ER) / Internal (IR) Rotation Moment Principal Patterns 
Appendix Figure K.12 Mean knee ER/IR kinetic data (solid line) from 
the netball-specific landing task with the effect 
of adding and subtracting a multiple of knee 
ER/IR moment PP1 and PP2 to the mean curve 
shown by the plus and minus symbols, 
respectively. 
Knee ER/IR moment PP1 explained 80.6% of the variance in knee ER/IR kinetic 
data, and was representative of the general shape and overall magnitude. 
Higher PP-Scores indicated greater overall knee internal rotation moment, 
while lower PP-Scores indicated reduced overall knee internal rotation 
moment. Knee ER/IR moment PP2 explained 14.9% of the variance in knee 
ER/IR kinetic data, and was representative of magnitude of peak knee internal 
rotation moment. Higher PP-Scores indicated greater peak knee internal 
rotation moment, while lower PP-Scores indicated reduced peak knee internal 
rotation moment. 
